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FOREWORD

Increasingly stringent requirements with regard to service performance of materials related
to safety and reliability, and the threat of competitive materials has made manufacturers
seek constant improvement in their product. A major aspect of such improvement has been
to reduce the inclusion content of the material, in particular steels. While inclusions are
mostly viewed as detrimental to the performance of the material, there are several
applications where the inclusions play a very useful role. The symposium addresses
processing, monitoring, controlling, and characterizing of inclusions. The emphasis,
however, is on characterizing inclusions and their influence on a variety of material
properties of steels.

The symposium has been jointly sponsored by the International Metallographic Society
(IMS) and ASM INTERNATIONAL as a part of the '88 World Materials Congress. The
encouragement and support provided by IMS officials in particuiar, Mr. Jim McCall, Mr.
Robert J. Gray, Dr. R. D. Sisson, Jr., Dr. M. R. Louthan, Jr., Dr. W. E. White and Dr. G. F.
Vander Voort is very much appreciated. | am thankful for the internal support of Dr. John
Holbrook at Battelle for this meeting. Ms. Constance Laning provided excellent support as
Meetings Coordinator at ASM. Finally, the authors are to be commended for meeting the
stringent deadlines set by ASM.

Ravi Rungta
Battelle Columbus Division
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INCLUSIONS: ADVANTAGES, DISADVANTAGES,
AND THE TECHNOLOGICAL TRENDS

Ravi Rungta, Andrew J. Skidmore, Richard D. Buchheit

ABSTRACT

The role of inclusions in the performance of
materials is reviewed. While inclusions are
advantageous for certain applications such as
machining and oxide dispersion strengthened
alloys, under uncontrolled conditions they can
be deleterious to the performance of the
material. Examples have been presented to
show their influence on performance. Steel
making techniques, inclusion monitoring, and
inclusion identification techniques are
discussed. Non-destructive inspection
techniques present the best opportunities for
ensuring the detection of deleterious
inclusions during the processing of the
material. It is the authors' view that in
addition to the procedures that have been
developed to improve the general cleanltiness
of metals with respect to certain types of
inclusions, attention must be focused on
defining critical size inclusions for various
applications and efforts must be made to
eliminate the critical size inclusions.

INTRODUCTION

THE ASM HANDBOOK (1) defines non-metallic
inclusions as particles of foreign material in
a metallic matrix. The particles are usually
compounds such as oxides, sulphides, or
silicates, but may be any substance foreign to
and essentially insoluble in the matrix. In
his 1959 Howe Memorial Lecture, Sims (2)
classified nonmetallic inclusions based on
their origin as endogenous and exogenous. In
general, the endogenous inclusions form by
reactions in the molten metal and their
formation is dictated either by additions to
the molten metal or by changes in solubility
during the solidification process. Oxides and
sulphides are examples of endogenous non-
metallic inclusions in steels and are
controlled by the quantity of oxygen and

Battelle
Columbus, Ohio 43201 USA

sulphur in solution in the melt (2-5). The
exogenous inclusions in steels, on the other
hand, occur as a result of trapping of slag,
refractories, and oxidized metal that the
liquid metal comes in contact with during the
melting and casting process (2,3,5). Some of
the characteristic features of e<ogenous
inclusions in steels noted by Kizssling (3)
are larger size compared to endo.jenous
inclusions, sporadic occurrence, irregular
shapes, and complex structures. Exogenous

inclusions, in general, are harmful to
material behavior.

The importance of inclusions is in their
ability to adversely influence the behavior of
materials and compenents in service. Examples
of such influence are presented in Figures
1-4. The examples chosen here represent a
range of applications where the presence of
such inclusions compromise appearance, reli-
ability, or safety. The failure of a gear
tooth represents a reliability problem, the
shell cracking and the associated detail
cracking in rails represents a reliability as
well as a safety problem (6,7), and the
blemishes on a stainless steel due to the
presence of copper and alumirum rich particles
represents the compromising of appearance.

While more work has been done on in-
clusions in metals, a similar concern exists
in ceramics. Pressureless sintering of SiC
involves the use of sintering additives such
as boron, carbon, and aluminum in various
combinations. Inclusions of free carbon are
found in the microstructure of sintered
silicon carbide (SiC) and are believed to
adversely influence the toughness of the
material. Typically the inclusions are 1-2
microns in diameter but sizes as large as 10-
20 microns have been observed (8).

While the examples cited relate to the
negative influence of inclusions, there are
several situations where inclusions serve a
very useful role. Oxide dispersion strength-
ened alloys and free machining steels are two




(a) Fracture Surface (b) Metallographic Section
Through Crack Origin

Fig. 1 - Fatigue failure of 4340 steel gear tooth.
Crack initiated at the slag inclusion
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Fig. 2 - Shell fracture associated with detail fracture in a
rail. The shell was initiated at the defect that was
identified as a complex inclusion (6)

201m




fa) 30949p | l3YS 0 sish|eue £ea-y aALs4adsip-Abaaul - ¢ b1y

(A23) AN
00D 02 R 000 81 020 S 008 0
—_ v T — T 1 . T NJ 2
w5 |
W I .
Y mm ]
1 oot
y b
J )
!
1 pg2
1 ooe
m\\ﬁ )
] 1
V ] ooy
T13HS 2dS GJ3S 1€l =171

SLINNG3




' E\‘\ Reaction Zone

—~—TEs
-

/ -’ . . ¥
" - j00um
Acidified Picral Etch

Fig. 4 - Metallographic cross section through a 416
martensitic stainless steel material with a foreign
particle embedded in it. Energy-dispersive X-ray
analysis indicated that the particle was rich in
aluminum, chromium, iron and copper. The particle
produced blemishes on the surface of the stainless
steel. A reaction zone around the particle suggests
that the exogenous particle was trapped on the material

surface prior to a heat treatment.

examples of such applications. Oxide dis-
persion strengthened superalloys have a
uniform distribution of particles that are
about 15-30 nm in diameter with an average
spacing of about 100 nm. The dispersoids,
commonly ThO2 and Y203, interact with
dislocations in the slip plane, generating
strengthening effects. An example of the
comparison in yield strength data for some
dispersion strengthened alloys with their non-
dispersion strengthened version is presented
in Figure 5 (9). It is apparent that a very
significant improvement in yield strength can
be obtained with the proper use of
dispersoids.

Resulphurized free machining steels, on
the other hand, take advantage of manganese
sulphide inclusions for improving
machinability (3,10). Resulphurized free-
machining carbon or alloy steels have sulphur
contents up to 0.3 percent. The manganese
content is high enough that most of the
sulphur is present as MnS inclusions promoting
formation of small chips. Machinability is
much improved by an increasing size and
decreasing number of MnS inclusions (3). The
sulphide inclusions assist in the formation of
chips by acting as a stress raiser in the
shear plane of the work material, where
temperature is relatively low, and then
providing enough plastic flow in the flow zone
near the tool surface, where the temperature
is much higher, to increase the shear
deformation of the metal. On the contrary,
oxide inclusions are detrimental to machining
because of their poor flow properties over a

broad range of temperature. Calcium treated
steels have improved machining characteristics
because of the incorporation of calcium in
both the sulphide and the oxide inclusions
thereby forming inclusions with more desirable
deformation characteristics (11).

It is apparent that inclusions can be
detrimental or very useful to the performance
of a material. Some of the factors that
influence the role of inclusions in the
performance of a material are their origin,
type, size, shape, distribution, and quantity.
Inclusions may influence almost all properties
of a material, particularly those that are
more widely utilized namely, formability,
machinability, weldability, faticue, fracture,
creep, corrosion, and toughness. The
following sections of this paper will present
a case history of weld heat affected zone
(HAZ) behavior as influenced by inclusions and
address some of the considerations in the
technological trends in inclusion engineering
(HAZ) behavior as influenced by inclusions and
address some of the considerations in the
technological trends in inclusion engineering.

WELD HAZ BEHAVIOR: A CAS® ATUSTORY

A study was undertaken tu determine the
cause of failure of oxyacetylene welded A-106
Grade B elbow fittings. The failures had
occurred intergranularly through the HAZ and
was brought about by redistribution of MnS
inclusions to the grain boundaries by the
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Fig. 5 - Comparison of the yield strengths of 0DS alloys and
similar alloys with no oxide dispersoids (9)




welding process. The case history serves as
an example of how relatively harmless
inclusions (such as MnS inclusions) in the
material as initially produced, could become a
cause of failure as the result of reactions
that occurred during subsequent fabrication
processes.

The fractures of the field failures were
observed to follow along the boundaries of the
prior austenite grains and, therefore,
exhibited an intergranular fracture
appearance. A region of intergranular
fracture along prior austenite grain
boundaries is shown by the photomicrograph in
Figure 6. In all of the field failures, a
phase was observed in many of the prior
austenite grain boundaries. The phase
occurred as a chain of disconnected, tiny
globules, and occasionally, as a thin film.

The phase appeared to be nonmetallic and
resembled manganese sulphide inclusions.
Examples of the phase which occurred in prior
austenite grain boundaries in a field failure
are shown by the micrographs in Figures 7 and
8. The micrograph in Figure 8 shows an
agglomeration of particies as well as
intergranular chains of tiny particles. The
results of the electron microprobe analyses
clearly indicated the intergranular phase
contained sulphur and manganese in excess of
the surrounding metal matrix. Similar
observation was made on micrographs taken on a
section of the HAZ immediately behind a
laboratory induced fracture of a weld. In
this case, a film at the prior austenite grain
boundaries also could be seen, as is
illustrated in Figure 9.

To determine if the intergranular phase
in the prior austenite grain boundaries
observed in the field failures could be
reproduced, a series of thermal cycling tests
were made on two different heats of the
material. A Gleeble Testing Facility under no
mechanical loading was used for simulating the
thermal cycles and producing metallurgical
changes that take place under conditions for
welding a material. The specimens were cut
into rectangular sections about 4 inches long
and resistance heated to the desired tempera-
ture levels in 5 seconds, held at temperature
for 5 seconds, then rapidly cooled by the
copper jaws of the Gleeble. One specimen from
each heat of steel was heated to temperatures
in the range of 2400F to 2700F. These thermal
cycles were arbitrarily chosen to be
representative, if not somewhat more severe,
than the heating and cooling experienced by a
weld HAZ during oxyacetylene welding.

After thermal cycling, the specimens were
sectioned through the heated zone and examined
metallographically for the presence of the
intergranular phase. The results are
summarized in Table 1. Specimens heated to
2600F and above revealed the intergranular
phase characteristic of that observed in the
field failures.

Fractographic studies were performed to
determine the mode of fracture and to further
characterize and identify the intergranular
phase presumed to be present on the fracture
surface. For these studies a portion of the
fractured face from a field failure and a
laboratory induced fracture in the HAZ of the
weld were used. The fractures were replicated
with the conventional two-stage cellulose
acetate-carbon technique, and the replicas
shadowed from an angle of 45 degrees with
platinum-carbon. The first replicas stripped
from the specimens were examined so that
particles extracted from the fracture could be
analyzed by selected area diffraction. The
results from the field failure are presented
in Figure 10. Although the fracture surface
was oxidized, the fractograph shows that the
fracture was predominantly one of ductile
rupture along the prior austenite grain
boundaries. Particles similar to those
indicated by arrows in Figure 10 were found in
many areas of the fracture, and these parti-
cles were suspected to be the intergranular
phase observed in the metallographic examina-
tions. Very similar features could be
observed on the laboratory induced fracture
surface as shown in Figure 11. Selected area
diffraction patterns for the particles were
consistent with alpha-MnS,

Scanning electron microscopic examination
of the Gleeble thermal cycled specimens
fractured in the laboratory and the laboratory
fractured weld specimens was also undertaken
to establish that these fractures were similar
to, or the same as, a fracture of the HAZ that
failed in the field. The results of the
scanning electron fractography are compared in
Figures 12 and 13. The fractographs in Figure
12 illustrate the predominance of inter-
granular fracture propagation. In Figure 13,
the dimpled fracture surfaces characterizing a
ductile failure are evident in the laboratory-
induced HAZ fracture and the thermal cycled
fracture. In addition, many globular
particles of the intergranular phase are
situated within individual cup-shaped dimples.
Thus, the general appearance of both the
fracture surfaces are nearly identical.

The investigation showed that the frac-
ture propagated through the HAZ by ductile
rupture along prior austenite grain boundaries
in which chains or films of alpha-MnS inclus-
ions were present. The ductile rupture was a
consequence of the network of proeutectoid
ferrite along the prior austenite grain
boundaries. These austenite grains existed in
the weld HAZ at the time of oxyacetylene
welding, but transformed to proeutectoid
ferrite and pearlite upon cooling to room
temperature. Most of the plastic deformation
from stresses applied in the course of field
fabrication or laboratory induced fractures
would be concentrated along the proeutectoid
ferrite network; therefore, small far-field
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Fig. 6 - Intergranular fracture along prior Fig. 8 - Agglomeration of particles and
austenite grain boundaries in a field failure intergranular phase in a field failure

strair. produced relatively large local
strains in the ferrite network. The alpha-MnS
inclusions in the prior austenite grain
boundaries (and, consequently, in the ferrite
network) lowered the amount of plastic strain
required for fracture initiation along the
grain boundaries. The fractographs showed
that most of the ductile dimples were formed
by the void-coalescence mechanism of ductile
fracture propagation and were initiated by
decohesion at the interface between alpha-MnS
inclusions and the ferrite matrix. Therefore,
the sulphide inclusions caused the fractures
to be initiated at lower strains than if they
were not present and imparted a brittle
behavior to the fractures. It miy be noted
that some welded specimens did not fail during
a 90 degree bend test in the laburatory even
though they contained small amounts of
intergranular sulphide inclusions. Some
minimum amount of intergranular sulphide
inclusions must, therefore, be tolerable. The
guantitative degree tolerable for welded-joint
integrity was not established in this study.
In a similar study conducted by Romhanyi
et al.(12) on HYBO steel, low notch toughness
was obtained in simulated HAZ because of the

k]yﬁEE:tizt:?,

-1 ‘;}
&

Picrel Etch presence of manganese, chromium, (iron)

) ) sulphides present in the grain boundaries.
Fig. 7 - Intergranular phase at prior Microvoids were observed on grain boundary
austenite grain boundarie: of HAZ in a field surfaces of intergranular fractures of Charpy
failure specimens. These authors noted that cleavage

also was observed in some specimens. Hart
(13) has suggested that increased grain
boundary phosphorous contents promoting
temper embrittlement may be the cause of the
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Table 1 - Summary of the Results of Thermal
Cycling Experiments on Two Heats
of A-106 Steel

. Heat Sample Temperature Intergranular
No. No. F Phase Present

1 1 2400 no

2 2504 no

3 2602 yes

4 2648 yes

2 1 2400 no

2 2504 no

3 2602 yes

13um 4 2648 yes

(a) As Polished

as field as (a)

Fig. 10 - Fractograph showning ductile

Fig. 9 - Intergranular phase and film at prior rupture along prior austenite grain

austenite grain boundaries in the laboratory boundaries of a field failure. [Arrows
induced fracture of a weld indicate particles in fracture surface)




Fig. 11 - Fractograph showing ductile rupture
along prior austenite grain boundaries of a
laboratory induced fracture through a HAZ
(Note particles on fracture surface)

intergranular cracking of Cr-Mn and micro-
alloyed steels. Although in our study,
phosphorous enrichment at the grain boundary
was not investigated, Romhanyi et al (12) in
their work noted that the enrichment ratio for
sulphur was much higher (about 60) as compared
to that for phosphorous (about 8). Those
levels of elemental enrichment are less than
the levels of enrichment observed during
temper embrittTement (12).

TECHNOLOGICAL TRENDS IN INCLUSION ENGINEERING

There are several examples of generic
applications where the presence of inclusions
have been attributed to degradation in certain
properties. Lamellar tearing in carbon-
manganese steel welds is one example where the
presence of planar (Type II) MnS inclusions
causes micro-fissures to form at these
inclusions. Shear linking of these micro-
fissures under load leads to the formation of
a crack (14). Hydrogen-induced cracking of
linepipe for sour gas service is another
example where the presence of elongated MnS
and clusters of A1203 cause precipitation of
atomic hydrogen at the interface of the matrix
and inclusion. Hydrogen atoms generated at
the surface through the reaction between the
steel and the wet sour gas penetrate the steel
and are trapped at the interface between the
inclusion and the matrix. Molecular hydrogen
is formed at this interface and when the
internal pressure due to molecular hydrogen
exceeds a certain critical value, cracks are
initiated (15). One of the solutions to
problems like these and many others has been
to reduce the sulphur and oxygen content of
the steel so as to reduce the amount of oxide
and sulphide inclusions in steel. Most of

L
(a) Laboratory induced

fracture in HAZ of
a weld

{b) Gleeble thermal cycled
specimen fracture surface

Fig. 12 - Scanning electron fractographs
showing intergranular fracture mode in the
laboratory fractured weld and the thermal
cycled specimen fracture




(a) Laboratory induced
fracture in HAZ of
a weld.

{b) Gleeble thermal
cycled specimen
fracture surface

Fig. 13 - Globular particles situated within
the dimples of laboratory induced fracture
surface in HAZ of a weld and the Gleeble
thermal cycled specimens
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these controls are exercised in the ladle
refining step rather than in the melting
furnace, and the following paragraphs review
the secondary steelmaking steps briefly.

INCLUSION CONTROL IN SECONDARY STEEL
MAKING - In the most general sense the
objective of secondary steelmaking is the
removal from the steel of undesirable
concentrations of elements such as carbon,
sulphur, phosphorous, oxygen, nitrogen, and
hydrogen (16-18). Cleanliness in terms of
inclusion content is only a part of the whole
operation.

The lowest sulphur content that can be
produced with the basic oxygen furnace (BOF)
or the electric arc furnace (EAF) is about
.001 percent (17). A sulphur content lower
than this requires a subsequent desulphuri-
zation treatment in the ladle. Injection of
calcium silicide or calcium carbide, or a
synthetic slag on the base of Ca0-A1203-CaF2
has been widely used for this purpose.

Calcium serves as a strong desulphurizer as
well as a deoxidizer. The treatment requires
a low potential of oxygen in the steel which
implies that the steel must be tapped vir-
tually slag free. A basic lining (dolomite)
and intensive stirring (by argon bubbling)
contribute to rapid desulphurization. Sulphur
Tevels as low as 30 ppm may be achieved by
this procedure. Figure 14 (17) shows the
sulphur content in steel after a Ca0-A1203-
CaF2 treatment.

An additional advantage of the calcium
treatment is shape control of remaining
sulphide inclusions in the steel. Spherical
calcium aluminates enriched with sulphur are
formed. These inclusions maintain their
spherical shape during rolling operations,
thereby, reducing anisotropy in ductility and
in toughness behavior (16-18). Treatment with
rare earth elements such as cerium can produce
similar inclusion shape control.

Oxygen and oxide inclusion control also
requires that the steel be tapped from the BOF
or EAF slag free. The primary slag, rich in
silica and iron, acts as a strong oxidizer of
alloying elements such as aluminum, thereby
influencing the quantity and composition of
the ladle slag which forms. Low oxygen
contents in steel are achieved with either the
synthetic desulphurization slags with
simultaneous intensive flushing as noted above
or vacuum carbon deoxidation. In vacuum
carbon deoxidation, the carbon-oxygen reaction
is promoted when the steel is subjected to
reduced pressure in the undeoxidized
condition. The treatment reduces the oxygen
content of the steel to a much lower level
before aluminum is added. Oxygen contents as
Tow as 10 ppm are being achieved by these
treatments (17). An example of the influence
of aluminum treatment and stirring on the
oxygen content of liquid steel is presented in
Figure 15 (19).
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INCLUSION FILTRATION - Another method for
reducing the inclusion contents of metals that
gained some acceptance in the last few years
is the filtration of molten metal to trap
inclusions (20-23). Ceramic foam filters have
been employed to filter a range of alloys
including aluminum, steel, and superalloys.
Ceramic materials including mullite, alumina,
and zirconia have been employed for this
purpose (20-23). The filters are generally
placed either in the tundish or the runner.
The choice of a filter size for a given
application depends on such factors as the
desired mold filling time, the pouring
temperature, the pore size of the filter, and
the concentration of filterable inclusions in
the molten metal (23). In addition to
removing the inclusions efficiently, the
filter must be sufficiently rugged and
chemically stable so as not to disintegrate in
the flowing hot metal. The filter also must
be cost effective and should not reduce the
casting rate to the point that the metal fails
to fill the mold (21?. As a matter of fact,
this last requirement seems to be a major
constraint in the practical application of
these filters. After a relatively short
period of use the filter gets clogged by the
inclusions and the flow rate drops signi-
ficantly, eventually stopping completely.

The filtration efficiency of a filter
depends not only on the filter material but
also on the metal being filtered, with the

"

efficiency for a given filter material
dictated by the pore size of the filter (the
pore size of a filter is defined by the number
of pores per linear inch, ppi). An example of
filter efficiency is shown in Figure 16 (21)
for several superalloys. It is apparent that
alloy IN-718 is very efficiently filtered by a
variety of filter types and pore sizes but
that the filtering of the other superalloys is
sensitive to filter material and pore size.

In the example noted above, the filter
efficiency was measured as:

E = ((Au - Af)/Au X 100)

where Ay = specific oxide area of an (1)
unfiltered sample, cm2/kg
Af = specific oxide area of a

filtered sample, cmZ/kg

It is implicit in this definition that a
highly efficient filter will produce a
material with a low inclusion content on
average. But a definition like this does not
take into account the inclusion distribution
(stringers or clusters) that can be very
detrimental to the performance of the
material. Another important variable that is
not defined in this example is the size of the
pores. The size of the pores will determine
the size of the largest inclusions present in
the filtered metal. It is well documented and
accepted that inclusions will always be a part
of the steel (24). The large inclusions will
be the most detrimental in terms of perform-
ance and need to be eliminated. What is
necessary is to define the critical size and
shape of the deleterious inclusion for a given
application and then to attempt to eliminate
inclusions and inclusion stringers larger than
the specified critical size (24,25). Such an
approach will not only be cost effective but
also more reliable in terms of material
performance.

DETECTION OF INCLUSIONS - In terms of
cleanliness evaluation for process control
there are few methods available for detecting
inclusions in metals. Any procedure that is
adopted has to be applied to samples taken as
close as possible to the process line. This
entails either the sampling of liquid metal in
the tundish or mold, or the cutting of slab
samples. While methods based on chemical
analysis serve to measure relative cleanliness
of a melt and monitor events that disrupt the
controlled casting process (26,27), such
measurement of the bulk concentration of an
element reveals nothing about its distribution
in the sample. For aluminum alloys, Doutre et
al (26) have noted that there is no corre-
lation between oxygen concentration and the
inclusion level (d > 20 micron) in the melt.
The traditional metallographic techniques, on
the other hand, are very time consuming and
absolutely destructive if one wishes to
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determine the distribution of the large non-
uniformly distributed inclusions. 1In
addition, meta..ographic technigues examine
such a small volume of material that to
extrapolate the results to a large billet, for
example, may not be representative.

In terms of detecting inclusions, non-
destructive measures provide the best
possibilities. Ultrasonic techniques have
been employed most widely in the metal
industry (28-35). Two of the basic arrange-
ments that have been used for this purpose are
(a) the pulse-echo system in which the pulses
are sent into the material and reflected back
either into the same probe or another probe,
and (b) transmission through a material
requiring a transmitter and a receiver whereby
the presence of inclusions is indicated by the
loss of transmitted energy.

Theoretically the ultrasonic techniques
can detect non-uniformly dispersed individual
inclusions as well as the general distribution
of inclusions. In practice, however, the
techniques cannot accurately differentiate
between the different sizes of the detectable
inciusions because of factors such as inclu-
sion type and shape, the ultrasonic beam-
intensity profile, and base-metal structure
interference (33). Quantitative understanding
of such interactions will have to be developed
before the techniques can be used with
confidence to measure inclusion size distri-
bution in metals. The techniques have so far
been used to measure the general cleanliness
of steels as shown by the example in Figure 17
(35). The histograms show the contrast in the
cleanliness data between a clean and dirty
billet as measured by the back-echo technique.
Here the number of echo returns at a given
amplitude is plotted against the amplitude
level and the two histograms are distinguished
by the large number of high amplitude echoes
detected in the dirty billet and the dramatic
change in the shape of the amplitude distri-
bution function. With ultrasonic mapping it
is also possible to locate areas in a billet
that have a higher degree of inclusion content
(34,35). Finally, Kwun et al. (32) have noted
in a recent study that the type of an
inclusion material may be determined by
measuring the phase of an inclusion signal.
The phase of the signal will determine whether
the inclusion has a higher or lower acoustic
impedance than that of the base material. The
study was conducted on a titanium powder
compact using a focussed 10 MHz ultrasonic
transducer (32).

The approaches discussed in the preceding
paragraphs have been applied to solidified
metals. The ultrasonic techniques have also
been applied to molten metal to evaluate its
cleanliness (30). The pulse-echo system
described in this particular study was used to
evaluate the cleanliness of molten aluminum.
The relative cleanliness was measured by the
attenuation of the ultrasonic signal: the
cleaner melt had lower attenuation.
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Recently a technique has been developed
that attempts to evaluate the concentration
and size distribution of inclusions in a melt
(26,36). The Electric Sensing Zone (ESZ)
technique measures the electrical properties
of a thin liquid metal stream. Transients in
the electrical field occur when an inclusion
passes through the orifice. Counting the
number of transients per unit volume of the
material sampled provides the inclusion
concentration while the amplitude of each
transient provides the particle size
distribution. The technique is obviously
sensitive to the size of the orifice chosen
(36). Since the technique is used on-line, it
has the advantage of providing information for
process control as well as serving as a
quality control tool for the product. Figure
18 shows the agreement between results for ESZ
technique and the pressure filtration
technique for an aluminum alloy (26). The
particle size distribution as measured by the
ESZ technique is presented in Figure 19 (26).

IDENTIFICATION OF INCLUSIONS - Inclusions
are generally multiphased and form complexes
with various elements present in the melt.
Since the phase of the inclusion is one of the
variables that determines its influence on the
performance of the material, and the control
of the steelmaking process requires an
understanding of the types of inclusions that
may form with various treatments, it is of
utmost importance that the composition of the
inclusion be determined. While the inclusion
phase can be identified in many cases by the
experience of the observer, color and shape of
the inclusion, and metallographic techniques
using polarized light, the most significant
advancement for inclusion identification has
been the electron-probe microanalyzer. The
microprobe can be used in both secondary
electron and back scattered imaging modes and
has_a secondary electron image resolution of
70 K. A state-of-the-art microprobe is
equipped with wavelength-dispersive
spectrometers for quantitative analysis of
elements by wavelength dispersion, as well as
an energy-dispersive system for gualitative
analysis. Wavelength-dispersive analysis
allows the detection of elements with atomic
weights equal to or greater than that of
boron, and therefore permits the quantitative
study of elements such as carbon, oxygen,
nitrogen, and fluorine.

An example of the application of the
microprobe is presented in Figure 20. The
figure shows the secondary electron image of
two inclusions in a standard carbon steel
rail. It is apparent by examining the various
shades in the large inclusion that it is a
duplex inclusion. An energy-dispersive
examination (similar to the one presented in
Figure 3, earlier) of the dark center of the
large inclusion indicated the presence of
aluminum while the lighter area indicated the
presence of sulphur and manganese. X-ray
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Fig. 20 - Secondary electron image of an inclusion in
a standard carbon steel rai)

mapping was done to determine the distribution
of these various elements in the inclusion.
X-ray mapping for sulphur, manganese,
aluminum, iron and oxygen is presented in
figure 21. It is clear that the center dark
region of the large inclusion contained
aluminum and oxygen while the light region
contained manganese and sulphur. The small
inclusion contained manganese and sulphur
only. It may be noted that oxygen mapping
could only be done with wavelength dispersion.
Quantitative analyses of aluminum, oxygen,
manganese, and sulphur using wavelength -
dispersion analytical techniques indicated
that these inclusions were most likely A1203
and MnS.

It may be noted that energy-dispersive
analysis is rapid and is sufficient in most
cases for the identification of heavy
elements. In energy dispersion, the detector
views the specimen directly and measures all
of the characteristic x-rays simultaneously.
This feature makes the procedure much more
rapid and one can move to different points of
an unknown specimen and examine for the
presence of various elements. Wavelength
dispersion on the other hand requires that the
spectrometer be chosen for each element that
needs identified. The procedure therefore
becomes very time consuming. But, when
quantitative analysis is needed and light
elements need to be identified, the wavelength
dispersive technique is the best in-situ
identification technique available.

SUMMARY

Except for the few intentionally
engineered situations, it is well established
that inclusions play a detrimental role in the
performance of a material depending on their
type, size, shape and distribution. While it
is useful to develop cleaner material from the
standpoint of its inclusion content, the
current approach taken by the materials
industry may not necessarily solve the problem
of inclusion-induced poor performance of
materials. While reducing sulphur and oxygen
contents in steels does reduce the sulphide
and oxide inclusion content of the steel, it
does not prevent the possibility of a few
large inclusions being present at critical
locations. Filtration techniques and
monitoring techniques have to be developed
further to insure the elimination of such
deleterious inclusions. Also, the critical
size of a deleterious inclusion needs to be
defined for various applications. The
generalized cleanliness concept not only
increases the cost of producing the material
but also does not necessarily minimize the
possibility of structural failure due to
inclusions.
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CHARACTERIZATION OF INCLUSIONS IN PLATE STEELS
AND THEIR INFLUENCE ON MECHANICAL PROPERTIES

Alexander D. Wilson

Lukens Steel Company
Coatesville, Pennsylvania 19320 USA

Abstract

A review is provided of the experiences at the
Lukens Steel Company in characterizing the
inclusion structures in structural, carbon and
alloy plate steels and their influence on
mechanical properties. Particular emphasis is
given to calcium treated steels, which have
been produced at Lukens for close to 15 years.
The metallographic techniques that have been
used to establish the efficiency of steel-
making procedures are reported and the various
classes of inclusions found in calcium treated
steels reported. The influence of inclusions

on the tensile ductility, CVN and fracture
toughness, fatigue crack growth rate (air and
salt water), and near-threshold behavior is
reviewed.

THE CONTROL. OF NON-METALLIC INCLUSIONS 1IN
STEELS has been a challeng-. to the steelmaker
for as long as steel has uveen produced. Over
the years, the levels of sulfur level have
been particularly addressed as important to
improving the cleanliness and thus the
performance of steels. During each era of
steelmaking, there have been limits that
appeared to be unachievable, however, as new
technology was developed a push to lower
cleanliness levels was possible. A quote from
an early edition of the bible of the industry,
Making, Shaping and Heat Treating of Steel,
Volume 4 is appropriate:

"In view of the fact that is it becoming
increasingly difficult to keep the
sulfur content below 0.,04%, it seems
ridiculous to insist on so low a limit,
when the evidence points so strongly to
0.10% as a limit that may be made to
serve as well, for many purposes, at
least.”

It would be
(lower) levels

very easy to put up-to-date
in for those quoted from the
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above 1919 text to demonstrate, that we only
can meet requirements for our products, as
they are possible to tc¢ produced in the steel
mill.

In recent history, there has been a sig-
nificant amount of effort in inclusion control
over the past 20 years. Lamellar tearing
problems in welded structures have been the
major factors pushing this concern. However,
the benefits of low sulfur and low inclusion
contents in improving toughness, ductility and
fatigue properties have also been important
because of the improved resistance to failure
in service. These improved performing steels
have been utilized in a wide range of applica-
tions. Some of these are summarized in
Table I.

When inclusion control in steels is con-
sidered, the primary concerns are indigenous
non-metallic inclusions, which precipitate as
discrete phases during the solidification of
molten steel, i.e., sulfides and oxides. These
inclusions are influenced by the steelmaking
techniques that are used in the melt shop, as
well as other processing that is subsequently
used. Some of these influences will be
discussed in the following text. Although
oxides and sulfides are of particular interest

in steel, other inclusions can also play an
important role. In steels that are not
aluminum killed, silicates are an important
concern. Also when nitride forming elements
are used in alloying, there can be a
significant influence of nitrides, for
example, titanium nitrides, columbium carbo-
nitrides, aluminum nitrides and zirconium
nitrides. For purposes of this presentation,

only aluminum killed steels will be considered

and the importance of controlling aluminum
oxide and manganese sulfide inclusions will be
emphasized.

Characterizing these inclusions 1is an

important part of identifying the influences
of different steelmaking practices. A great
deal of effort has taken place in this




characterization using various metallographic
methods. Quantifying the inclusion content
differences between steels is also of concern.
Identifying the influence of these inclusions
upon mechanical properties, has also been a
particularly active effort. Depending on the
application, a particular property may be of
interest. The metallographic and mechanical
property characterizations that have been
undertaken at Lukens will be reviewed.

STEEL PROCESSING

The non-metallic inclusions 1in plate
steel are significantly influenced by the
steelmaking processes that are used. This is
particularly the case with sulfide inclusions.
Lukens’ experience has been related to
electric arc furnace (EAF) produced steels
and, therefore, the discussion will be direct-
ed toward this particular operation. In EAF
steelmaking, the sulfur levels can be reduced
through double slag practices and until
approximately 15 years ago this was the
primary method used to achieve the lowest
sulfur levels for structural steels. With
the development ladle metallurgy practices,
sulfur levels could be reduced outside the EAF
through various methods. One of the most
popular methods that has been used is calcium
treatment (CaT). One method of CaT is called

calcium argon blowing or the Thyssen-
Niederrhein process. In this practice,
calcium compound powders (CaSi, CaCy) are

injected into the molten steel using a sub-
merged lance and an argon carrier gas.
Further discussions of this practice will be
given later in the text. A schematic of this
process is shown in Figure 1. Also, calcium
treatment can be performed using various
calcium cored wire injection processes.(3) A
schematic of this process is shown in Figure
2. 1t is possible to achieve very low sulfur
steels (less than 0.005% S) with both pro-
cesses in conjunction with other
desulfurization techniques within or outside
the EAF.

After molten steel has been refined
through a ladle metallurgy station, it is
teemed into ingots or cast using continuous
casting processes. Both casting processes
influence the inclusion content in the final
product. In ingot casting, due to the long
solidification period, there can be segrega-
tion of sulfur at the top of ingot and near
the centerline. With lower sulfur steels,
there is less of a concern for this problem,
however. In continuous cast slabs, there can
be problems with reoxidation inclusions
collecting near the top quarterline of the
slab. Through wuse of wvarious shrouding
techniques, these inclusions are minimized.
In the rolling mill, there still can be an
influence wupon the inclusion structure
remaining in a plate. When the slabs are
heated to the soak temperature and remain at
high temperatures (2300° F) for a significant
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length of time, sulfide inclusions can be
homogenized.(a) An example of this is shown
in Figure 3. Upon the rolling the steel to

plate, any sulfide inclusions that remain and
are not modified by a calcium practice are
elongated. Prior to the advent of low sulfur
technology, it was common to give high quality
steels extensive cross rolling to minimize the
amount of elongation of inclusions in the
major rolling direction and therefore give an
improvement to the transverse mechanical
properties.

Other methods besides calcium treatment
have been used to produce low sulfur steels.

For example, a ladle flux practice has
been used, which involves placing lime and
flux making ingredients in the bottom of the
ladle and tapping the molten steel from the
EAF upon them. Also, new desulfurizing slags
can be formed in the EAF, which are tapped
together with the molten steel. Both
practices result in lower sulfur levels, but
not inclusion shape control. Rare earth metal
(REM) additions have been found to provide a
level of inclusion shape control for steels.
However, great care must be taken when using
these additions because of the concern for
reoxidation of the REM materials upon casting.

Very high quality steel can be achieved
through electroslag remelting. This process
involves remelting of an electrode of the

steel through a molten slag and solidification
in a water cooled mold. This can lead to
significantly lower sulfur levels, as well as
solidification benefits. Therefore the inclu-
sions tend to very limited in number and very
small in size. However, this process is very
expensive.

CALCIUM TREATMENT

The primary emphasis of this paper will
“be on calcium treatment of plates steels.
Lukens has a great deal of experience with
producing these steels over the past 15 years.
Because calcium has a boiling point below
steelmaking temperatures, it has been found
important to use an injection method to add
calcium compounds to the molten steel.
Calcium has a very strong affinity for both
sulfur and oxygen and therefore the benefits
of both lower sulfur and oxygen content are
achievable. The recognition that calcium has
some limited solubility in molten steel was
the key discovery, which led to the use of
calcium treatment of production steels.
With some calcium in liquid solution, it can
more efficiently combine with sulfur and
oxygen, remove them from the molten steel and
have the phases absorbed by the slag cover.
The effectiveness of a calcium treatment
may be influenced by a number of parameters.
For example, in the calcium argon blowing
practice, these may include the amount and
chemistry of the calcium compounds, various
injection parameters (flow, pressure), use and
amount of stirring after injection, molten
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steel temperature and chemistry, tapping
practices, ladle refractory composition
(dolomitic versus fireclay), teeming

(shrouding) and casting practices and a wide
variety of other more specific parameters
depending upon the melt shop of interest. Any
of these may have an influence on the
efficiency of calcium treatment and thus on
the inclusion structure of the calcium treated
steel.

The benefits of calcium treatment are
best described through reviewing how manganese
sulfides and alumina inclusion clusters form
in a steel. In conventional steels, MnS
inclusions have a low melting point and are
among the last to precipitate in the solidify-
ing steel and thus tend to accumulate in the
interdendritic areas of the cast structure.
By the addition of calcium, CaS phases form
and rise out of the steel and are absorbed by
the slag. The remaining calcium sulfide
phases have melting points closer to those of
steel and thus are more evenly distributed
throughout the steel.

Alumina inclusion clusters form in con-
ventional steels almost immediately after the
addition of aluminu. for deoxidation. These
are very high melting point inclusions and
they begin to rise in the molten steel,
growing, contacting each other, and forming
extensive three dimensional rays. Upon
calcium treatment, calcium combines with
alumina inclusions in a fluxing reaction,
which forms much lower melting point indi-
vidual, liquid, complex inclusions, which rise
more easily out of the molten steel. The
chemistry of these inclusions follows the
phase diagram shown in Figure 4.{7)  The more
calcium present, the lower the melting point
of the Ca0.nAl)03 inclusions (Ca-aluminates)
that will form. The composition of these
calcium aluminates becomes a "telltale”
signature of the efficiency of the calcium
treatment practice.

Ca0-Al,O; System (Lea and Desch)
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figure 4 - Phase diagram showing effect of
calcium modification on melting point
of aluminate phases, from (7) via (6).
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The remaining inclusions in calcium
treated steels tend to be duplex calcium
modified inclusions which resist deformation
on hot rolling. The calcium modification of
the sulfide phase makes them harder at hot
rolling temperatures in comparison to the
steel matrix. This 1is the basic building
block for inclusion shape control. However,
ever more subtle differences can be detected
in the inclusion structure of these steels,
which are a direct result of the efficiency of
calcium treatment.

INCLUSTON CHARACTERISTICS

It is very important to have a number of
techniques available to characterize the
inclusion content and distribution in a steel.
Each method can have a separate contribution
and therefore improve the overall understand-
ing of the inclusion structure. Light optical
microscopy is still a very valuable tool for
this evaluation. In fact, at times it is the
most important. Figure 5 exhibits the typical
inclusions in a conventional higher sulfur
steel. The benefits of calcium treatment in
lowering the sulfur content and providing
inclusion shape control and the removal of
alumina inclusions are demonstrated in Figure
6. These enhancements are also shown through
use of fractographic evaluation of wvarious
mechanical test specimens from the sample
steels, Figure 5 and 6 show the same
comparison for conventional steels and the
calcium treated steels taken from through-
thickness oriented test specimens. The group
nature of the Type II manganese sulfide
inclusions and the aluminum oxide clusters is
evident. Calcium treatment tends to give a
better distribution of the remaining inclu-
sions and therefore has a definite effect on
properties. Quantitative analysis of inclu-
sions that are in a steel can be attempted
through evaluation of mounted metallographic
samples through use of manual techniques or
using quantitative 1image analysis. The
availability of microprobe analysis is also
vital to understanding inclusions in steel.
This is very important in identifying inclu-
sions and provides important support in
determining the efficiency of the steelmaking
practice.

In studies of calcium treated steels, six
classes of inclusions have been identified,
which are extremely useful in defining the
efficiency of a particular practice. 8) These
are summarized in Figure 7. Although more
than one class of inclusion 1is normally
present in any particular steel, generally a
trend is noted in an evaluation and it is very
useful in representing a certain level of
effectiveness of calcium treatment. A brief
discussion of the origin and implications of
each of these classes of inclusions is given
below.




nature of Type II MnS inclusions in conventionally produced (CON)
A633C steel. At right, these inclusions are explicitly shown in
an SEM fractograph of through-thickness CVN fracture.

Figure 5b - This optical cube and SEM fractograph of through-thickness CVN
fracture reveal A1203 inclusion galaxies in CON A633C steel.

Fipgure 6 - Typical calcium modified inclusions are shown in a calcium treated
(Cal) A633C steel. Such inclusions are usually duplex in nature,
and tend to resist deformation on hot rolling.
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Inclusion Classes in Calcium Treated Steels

® >
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Figure 7 - Six inclusion classes identified in
calcium treated steels (8).

Generally, Class A and B inclusions are
most desirable and Class D and F are to be
avoided. Class A inclusions are made up of
intermingled aluminate and sulfide phases.
These are indicative of the practice that
results 1n highest 1levels of calcium being
present in the aluminate phase (CA or CigA7),
as can be identified by the microprobe. Class
B inclusions are a "bull'’s-eye" type. These
have a central aluminate phase (CAy or CA)
surrounded by a sulfide phase (CaS or
(Ca,Mn)S) . Class C inclusions are present
when less efficient calcium treatment is
present because the outer sulfide phase is not
modified with calcium and thus elongates
during hot rolling. Microprobe studies of
examples of Class A, B and C inclusions are
shown in Figure 8. Class D 1inclusions are
alumina-like clusters present in the steel.
They indicate that there 1is insufficient
calcium present to completely flux all the
alumina present and also may be indicative of
a reoxidation problem during teeming of the
molten steel. Class E inclusions are Type III
manganese sulfides. Small Type III manganese
sulfides are present in most CaT steels. It
is only when extremely low sulfur levels are
achieved with a very efficient calcium treat-
ment, that these are eliminated. However, if
Class F, Type 11 manganese sulfide inclusions
are present in a steel, it is indicative of an
inefficient calcium treatment practice. Not
only are the individual inclusions deformed,
but they are present as clusters, which can
have a significant effect on the level and
isotropy of propertics.

Through metallographic studies of the
calcium treatced steel, it has been established
that the presence of elongated inclusions
(Classes C, E or F) can be a useful indicator
of a poorer level of calcium treatment and the
level of 1inclusion shape control. If there
are clusters of inclusions present (Class D
and F), this 1is also very important. In
general, the presence of elongated inclusions
or clusters of inclusions are all indications
of less efficient calcium treatment. However,
in steels produced on a commercial scale,
there normally are a number of these inclusion
classes in any particular heat of steel. This
may be a result of differences top to bottom
of an ingot, surface to mid-thickness, edge to
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mid-width, ingot to ingot or within a continu-
ous cast slab. To make more direct compari-
sons or evaluations, more quantitative tech-
niques are required.

Efforts to quantify inclusion structures
have lead to the use of a number of methods
both manual and automated. However, because
of the variability of the inclusion structure,
manual methods have been found to be most
appropriate. In particular, one method
involves establishing the number of elongated
inclusions and measuring the size of the
largest inclusions and inclusion clusters in a
particular test area. These measurements have
been very successful in correlating with
actual mechanical property behavior. (

In early studies of calcium treated
steels, the measurement of calcium content
could be wused as an important tool in
indicating quality of the steel. However,
calcium measurement is only detected if it is
present in inclusions, since there is no
calcium in solid solution in steel.
Therefore if there is a very high level of
inclusions in the steels that are calcium
treated, then the calcium level is measured to
be very high. If methods are used whereby

inclusion content in general 1is reduced, they
will also show a 1lower <calcium content,
Figure 9 shows this concern very well. In

this figure, the upper shelf energy and the
through thickness tensile reduction of area
are plotted versus calcium analysis. There
was no correlation to speak of between calcium
measurement and the proper-ties. On the other
hand, there is a very good correlation with
sulfur 1level as shown in Figure 10.
Measurements of the inclusion content that
were discussed previously, number of elongated
inclusions and length of inclusion clusters,
gave an excellent correlation. This is
displayed in Figure 11. The following
regression equations were established and used

to generate this comparison for A633C
steels.
USET (Joules) = 776 - 15.3p, - 0.8%9 UTS -
32.7Lg
RZ = 0.832 SEE = 22.9
RAS (percent) = 155 - 5.33p, - 23.1Lg - 48.9
(C+Mn)
RZ = 0.761 SEE = 8.17
Pe = density of elongated inclusions,
#/mm2
Lg = largest inclusion cluster length
(sulfide or oxide) in test area, mm
UTS = ultimate tensile strength, trans.

orient, MPa




rure ca - Hicroprobe study of Class A inclusion
showing interningled sulfide and
alurinate phases,

pure e = Mlorenrobe atudy of Class B inclugion

whict i primarily a Ca-aluminate,
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Figure 8b - Microprobe study of Class B

Fipure

inclusion with typical "bull's-eye"
appearance.

d ~ Microprobe study of Class C inclusion
which has deformed because sulfide
phase is not modified by calcium.
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C,Mn = chemical analysis in weight %

R2 = multiple correlation coefficient

SEE standard error of estimate

MECHANICAL PROPERTIES

In a study of mechanical properties of
steels with varying inclusion contents, it is
very important to look at a number of testing

orientations. Figure 12 exhibits the orienta-
tions that can be used. These orientations
range from three testing orientations for

tensile testing to up to six orientations for
CVN and fracture toughness, and fatigue crack
growth rate testing. The wuse of tensile
reduction of area as a monitor of inclusion
control, came about through the problems with
lamellar tearing of steels. The test has
continued to be an important quality control
measure of the effectiveness of low sulfur
practices. Figure 13a shows the effect of
calcium treatment on the ductility in a
comparison of A588 plates.(9 The primary
benefit is in the through-thickness orienta-

tion(s). If greater efforts are made to lower
sulfur and improve inclusion shape control,
even better levels of through-thickness

ductility are achieved. Figure 14 presents
this comparison of the distribution of
through-thickness reduction of area data for
several hundred plates of A633, Grade C steel
produced to 0.010% and 0.005% maximum sulfur
levels.

Toughness of the steel is also signif-
icantly affected by inclusion content and the
effectiveness of calcium treatment. The
primary benefits are shown on the upper shelf.
Once more, these benefits are more pronounced
if the effectiveness of the calcium treatment
and the sulfur are even lower. This is
displayed in Figure 15. Figure 13b indicates
that the benefits of calcium treatment are
obtained not only in the through-thickness
directions (ST.SL), but also in the transverse
(TL) direction. The Charpy V-notch test upper
shelf energy has been found to be most
sensitive to changes in inclusion structure
than the tensile reduction of area. This is
shown by developing ratios of ©property
anisotropy (through-thickness/longitudinal for
a particular steel) and of quality
(conventional/calcium treated for a particular
orientation), Figure 16 demonstrates this
comparison.

The fracture toughness of a steel is also
significantly affected by 1inclusion
content. Once more, this is primarily
shown where there is completely ductile frac-
ture behavior taking place (on the upper
shelf). J-integral and crack tip opening
displacement tests have particularly shown the
benefits of inclusion control. Figure 17
presents the J-Aa curves comparing convention-
al and a calcium treated AS5S88 steel. The
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benefits are shown through-out the range from
initiation through ductile tearing. This is
further shown in the presentation in Figures
13d-f where the initiation toughness and the
tearing modulus are compared for the two
steels.

Comparisons of fatigue crack propagation
behavior exhibit less sensitivity to inclusion
structures. Figure 18 displays a calcium
treated steel with almost completely isotropic
behavior, while a conventional steel shows
significant anisotropy.( This is further
highlighted in Figure 19 where the through-
thickness orientations (SL) diSflay the
greatest difference in properties.( L This
is a result of the inclusion groups in the CON
steel forming a plane of weakness to ease
fatigue crack propagation. Fatigue crack
propagation is one test that shows another
interesting phenomena. It is only in FCP
testing that there is difference between the
ST and SL orientations.(10) This is displayed
in Figure 20. This is a result of the smaller
crack tip plastic zone in the FCP test. The
effect of inclusion control in FCP testing is
still most emphasized in the through-thickness
direction with some effects in the TL and LS
orientations. These results are summarized in
Figure 13g. Figure 13h also displays the
effect of inclusion control on the threshold
for FCP. It was found that the inclusions in
the conventional steel (CON) tended to induce
a significant amount of crack closure in the
threshold tests. This resulted in a wedge
opening of the crack and, in fact, gave the
appearance of improved threshold behavior for
the conventional steel compared to the calcium
treated steel. When corrections are made for

this closure component, it is noted that
there 1is a significant decrease 1in the
threshold properties for the conventional
steel.(9)  yhen fatigue growth rate testing is
performed in a corrosive environment, the
benefits of inclusion control continue.
Figure 21 indicates that calcium treated

steels continue to show consistently slower
growth rates in all testing conditions in a
3.5% NaCl environment, even at testing
frequencies of 0.1 Hertz. (

The mechanical behavior of friction welds
can also benefit from inclusion control.(13)
Friction welds are a very special case where
through spinning of a product and pressure
being applied in an axial direction a solid
state welding of material is obtained. A
resulting weld is shown in Figure 22. When
Charpy tests are taken from the centerline of
these weldments, a significant influence of
inclusions is discovered. The inclusions that
are present in the steel are rotated into a
plane perpendicular to the surface of the
plate as a result of this welding process.
Therefore, a plane of weakness is formed in
the steel in that direction. Figure 23
provides the results of CVN testing performed
in this location. This reveals that calcium
treatment results in a significant improvement
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Figure 22 - Formation of a friction weld in pipe
showing A - metal flow; B - tendency
for cracks to propagate in the flow
direction along planes of weakness
such as lamellar inclusions and laps

in CVN performance over conventional higher
sulfur level steels.

SUMMARY

In the foregoing paper, a review has been
presented of Lukens' experiences with char-
acterizing the inclusion structures in plate
steels with an emphasis on calcium treated,
low sulfur steels. Elongated sulfide or
clusters of alumina-like inclusions are found
to be most indicative of inefficient calcium
treatment practices. These evaluations have
been useful in evaluation of melt shop pro-
cedures, which have been enhanced over the
past 15 years. These techniques will continue
to be important as continual advances are made
to steelmaking and refining technology. The
conclusion that "inclusions are the finger-
prints of the melt shop" will continue to hold
true in the future.

In the investigation of the influence of
inclusions on the mechanical properties of
steels, different behavior has been found for
each test that is used. Testing orientation
is a particular discriminator of behavior.
Tensile ductility, CVN and fracture toughness
and fatigue properties all have wunique
responses to inclusion structure. Although
some correlations may be possible, it is
important to examine each test method separ-
ately and the influence of inclusion structure
on the micromechanisms of fracture.
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ABSTRACT

Based upon specific applications, non-metallic
inclusions can be beneficial or detrimental to a
particular material system. For example, in
critical applications where high toughness is
required, non-metallic inclusions can be quite
detrimental to performance. However, for gears
and similar components that are not subjected to
high stress levels under normal operating
conditions, the presence of certain inclusions
can be very beneficial to machining operations
while not degrading the particular component’s
performance. The Timken Company manufactures two
types of calcium treated steels to serve these
specific requirements, Cal and Ca2. For improved
machinability, Cal, having a minimum sulfur
content of 0.025 percent, would be required. For

improvements in mechanical properties, Ca2,
having a maximum sulfur content of 0.005
percent, would be specified. Both of these

alloys are unique because of their low oxygen
content, generally less than 20 ppm for a 0.40
percent carbon steel.

Calcium treating steel modifies oxide and
sulfide inclusion chemistry and morphology. As
the sulfur content increases, the size and
number of inclusions in the steel increases. The
degree of inclusion shape control and the types
of oxides within the steel are related to sulfur
and oxygen content.

It is necessary to accurately assess inclusion
chemistry and inclusion size distributions to
determine how steelmaking practices affect these
parameters and how these parameters eventually
affect mechanical properties. The problem of
chemical analysis is often complicated by the
fact that the complex calcium and aluminum
oxides in these alloys are generally
encapsulated by (Ca, Mn) sulfides. For this
analysis, steels having sulfur contents ranging
from 0.002 percent through 0.036 percent and
calcium contents from 14 ppm through 50 ppm were
used.
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The following topics are discussed:
1. An analytical EDX technique which, to a
first approximation, allows for Ca X-rays
originating in the sulfide phase of dual
phase inclusions to be separated from Ca
X-rays originating from the oxide phase.

The variation of inclusion chemistry and
quantitative metallographic parameters
such as number per unit area, average
length, area, and roundness, as a function
of S and Ca, is illustrated.

Based upon the log-normal distribution,
techniques for predicting the number of
inclusions per unit area greater than a
given length 1 are described. The
analysis considePs how this parameter
varies with sulfur content.

INTRODUCTION

By calcium treating alloy steels, significant
changes in properties can be realized. It is
well documented that as the amount of inclusions
in most material systems is reduced, ductility

improves.[1]* For alloy steels, calcium
treating can be used to lower the sulfur and
oxygen content as well as modify inclusion

morphology, the net result being a reduction in
the number of inclusions present and final
shapes that are globular rather than elongated,
Figure 1. This can greatly improve transverse
toughness, Figure 2.

When complex parts are machined from bars
or tubes, calcium treating can be used to
improve a steel’'s machinability.[2] Calcium
modifies the inclusion morphology but does not
greatly reduce the number of inclusions present.
When these steels are properly treated, the




primarily calcium
calcium-manganese

oxide inclusions are
aluminates, encapsulated by
sulfides, Figure 3.

As illustrated by these examples, a large
change in inclusion size, morphology and
chemical composition can occur over a relatively
small change in sulfur and calcium content. The
following discussion will focus on these
effects. ™wo sets of 4140 calcium treated
steels will be considered. The first set
contains sulfur levels ranging from 0.002
percent through 0.036 percent with a nominal
calcium content of 30 ppm and an oxygen content

of 20 ppm. The second set contains calcium
contents ranging from 14 ppm through 47 ppm with
a nominal sulfur content of 0.029 percent and
10 ppm oxygen. Quantitative metallographic
analysis will illustrate how these parameters
affect the inclusion distributions and how the
number of large inclusions present can be
predicted from the inclusion distribution. A
Scanning Electron Microscope -~ Energy Dispersive
Spectrometer ( SEM-EDS) methodology  which
separates X-rays originating from the sulfide

and oxide phases will be used to illustrate how
inclusion chemistry changes with sulfur
calcium content in low oxygen alloy steels.

and

Figure 1 - X~Ray Map of an Inclusion in Heat A
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Figqure 3 - X-Ray Map of an Inclusion in Heat E
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EXPERIMENTAL PROCEDURES

The steels used in this investigation were
from commercial quality air melted calcium
treated heats. The specific samples studied
were from longitudinal mid-radius planes of
polish from 150mm diameter round bars. The bars
were from the mid height of an ingot and the

ingots were from the middle of the heat. The
sulfur, calcium, and oxygen contents of the
steels are contained in Table 1.

The metallographic specimens were
austenitized at 1550°F for one hour then water
quenched. after mounting in bakelite, the
specimens were ground on a 120 grit wheel. The

polished on a lap charged
with 15um diamond. After polishing with 3um and
1um diamond abrasive, a final hand polishing
using 0.05um alumina completed sample
preparation for quantitative metallographic
analysis (QTM). For SEM-EDS analysis, the final
hand polish used 0.25um diamond to prevent
contamination by the alumina powder. 1In all

samples were rough

instances, the specimens were cleaned with
acetone to prevent the reaction of calcium with
water.

Quantitative metallographic analysis was
performed using a Cambridge Quantimet 900
equipped with a Plumbicon TV scanner. Using a
32x objective lens, each field of view observed
was 327um by 225um. Each individual run
consisted of 160 fields of view for a total area
of approximately 13.33mm2. For the samples
having sulfur contents up to 0.036 percent, 10
planes of polish were analyzed. This
corresponds to a 133mm? area. For the set of
specimens having a relatively constant sulfur
content six planes of polish, 80mm?, were
analyzed.

The steels used in this investigation have
a very low oxygen content of approximately
20 ppm. This corresponds to an oxide volume
fraction of approximately 0.010 percent. [3]
Furthermore, due to calcium treating, the oxides
are generally surrounded by a sulfide envelope.
For these reasons, the entire inclusion, oxide
and sulfide, was measured for QTM analysis.

RESULTS & DISCUSSION
each

QUANTITATIVE METALLOGRAPHY -  For

inclusion, the number of inclusions and the
length (1), thickness (t), area (A), perimeter
(p), anisotropy (length + thickness) and
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roundness (R = P?/4nA) of each inclusion was
recorded. These types of measurements are
referred to as feature data as compared to field

data which represents the entire sum of a
particular parameter for an entire field of
view., For statistical evaluation, the sums and

the sums of the squares of these parameters were

tabulated. A typical data set is contained in
Table 2.

For the specimens
content, the number of
(n,) increased as the
Figure 4 and Table 1.
a large scatter about
set. In all figures,

with the varying sulfur
inclusions per unit area
sulfur content increased,
As illustrated, there is
the mean for each data
the error bands represent
95 percent confidence intervals for each data
set. Similarly, the mean inclusion length and
the mean inclusion area increase as the steel’s
sulfur content increases, Figures 5 and 6.

The mean inclusion roundness increases as
sulfur content increases, up to approximately
0.018 percent S, and then appears to remain
constant to levels up to 0.036 percent S, Figure
7. This indicates that increasing the sulfur
level increases the number of inclusions as well
as their size.
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For the steels with approximately 0.029
percent S, some different trends are observed as
the calcium content varies from 14 through
47 ppm. The mean inclusion 1length, area, and
roundness all tend to decrease as the calcium
content increases, Figure 8. while the
magnitude of these changes are smaller than
those observed by varying the steel sulfur
content, these data do indicate the tendency
calcium has to produce globular rather than
stringer types of sulfides in higher sulfur
steels. Since the sulfur content of these
steels is constant, and CaS is less dense than
MnS, it would be expected that the number of
inclusions per unit area would increase as the
calcium content increased. However, due to the
large scatter in n,, this trend is not clearly

A

seen, Table 1.
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Figure 7 -~ Relationship between mean inclusion

roundness and steel sulfur content.

The feature data and distribution of the
individual inclusion 1lengths can be wused to
predict the number of particles per unit area
greater than some specific size. For example,
in the case of the 0.018 percent S steel,
plotting the cumulative frequencies of the class
boundaries on log-normal probability paper
suggests that the length distribution may be
approximated by a log~normal distribution, Table
3 and Fiqure 9; similar findings have been
reported elsewhere.[4] The log-normal plots
further illustrate how increasing the steel’s
sulfur content changes the inclusion length
distributions. As sulfur increases, the median
inclusion 1length increases and the slope
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decreases, Figure 10. For a large number of
particles, n, the mean and standard deviation of
the data set can be approximated by:

_n Eox*i- (L xi)?
o = Thn-1) t2)

For the log-normal distribution in the
transformed system, the mean and standard
deviation, « and B respectively, can be
expressed as:

In{u/llo/m)? + 111 (3)
(In{(o/w)? + 11}7 (4)

o

8
The median (50 percent value) is

XSO = exp () (5)

mean (u) = exp (o + B/2) (6)
and the values of X corresponding to cumulative
probabilities of 84 percent and 99 percent are:

Xgqs = ©€Xp (o + B) (7)

X9 g3 = €Xp (a + 3.09 B) (8)

Based on this analysis, software was
developed to obtain the number of inclusions in
the length histogram, the sum of the inclusion
lengths, and the sums of the squares of the
inclusion lengths. These values were used to
predict the number of inclusions per unit area
greater than 20um in length by the following
procedure:

for 3 log-nermal distribution, the density
function for a standard variable is:

e—(ln X -d?)/2 g2

f(X) = 42n B X

(9

(In this instance, X is the inclusion length
being considered in real space; 1ln x 1is the
transformed length.)

99.99 ——o0002% S
------ 0.018% S
99.9 ~ @— 0.036% S

Cumulative Probability (%)

10

100 50 20 10 ! EIL
Inclusion Length (um)

Figure 10 - Effect of steel sulfur content on
inclusion length distribution.

The upper tail of the distribution is (Figure
11):

1 [ -t
Q(x) = AT J-x e dt (10)
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This can be approximated by (5)

2

Q(X) = £ (byt + byt? + ... bt?) + e(x) (11)

8

where le(x)| < 7.5 * 10

1
T (12)

and
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-0.356563782
1.78147793/
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1.330274429
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Figure 11 - Distribution of inclusion lengths.
The cross-hatched region represents the fraction
of inclusions having lengths equal to or greater

than XL'

For the specimens having varying sulfur
contents, the number of measured inclusions
greater than 20ym was plotted for each run as a
function of the steel sulfur content. A linear
relationship between the number of large
inclusions and sulfur content was observed,
Figure 12. Using the cumulative values for n,
1 and 12, the predicted number of inclusions
per unit area was found to be in agreement with
the measured values, Figure 12 and Table 4. 1In
this example, inclusions greater than 20um in
length were selected so that a comparison
between the actual measured values and the
predicted values could be made. Although very
large inclusions (i.e., greater than 100um long)
were not observed, this technique could be
employed to predict the probability of the
presence of these inclusions in a particular
system. This analysis could be wuseful in
fracture mechanics calculations where critical
flaw sizes are considered, or in assessing the
effect of thermomechanical operations on
inclusion distributions.
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than 20um in

SEM-EDS  ANALYSIS - For homogeneous
materials, numerous methods have been devised to
accurately determine the chemical composition of
various species by X-ray analysis.[6] When
similar compositions are often encountered, a
group of specimens having known compositions can
be used to form a calibration curve. 1In this
way, the X-ray peak of the unknown substance is
compared to that of the calibration curve to
measure the amount of a particular element
present. For situations in which known
standards are not available, reasonable analysis
can be performed using atomic weight, absorption
and fluorescence (zAF) factors which have been
developed for most species. All of these
approaches use classical theories to determine
from where X-~rays originate within a material
and how strong particular X-rays emitted from a
specimen are with respect to similar X-rays
emitted from other species within the same
specimen. When an electron beam strikes a
homogeneous material, a volume similar to that
illustrated in Figure 13a emits X-rays.

The next level of complication arises when
the composition of a simple two or three phase
inclusion has to be determined. For the case of
calcium treated steels having a relatively high
manganese level and a low sulfur content, most
of the sulfides in these steels will chemically




have the composition given by (Ca

Mnl_x) §. To
properly excite X-rays £from all éhases present,
the operating potential of the SEM in KV needs
to be approximately two times the excitation
level of the peak to be identified. Hence, for
a Mn Ka peak whose characteristic energy is 5.9
KeV, a minimum potential of approximately 11KV
is required. This gives rise to another
problem: the higher the operating voltage of the
electron microscope, the greater the volume of
the material excited. In the case of snall
particle analysis, a certain number of X-rays
from the matrix below the inclusion are in the
spectrum, Figure 13b. Thus, the acquired
spectrum is composed of X-rays from the
inclusion as well as the matrix. The excess X-
rays can be a large percentage of the total
spectrum and if these X-rays are improperly
evaluated, large errors in analysis can result.
Similarly, when the electron beam is focused on
the oxide particle in a complex inclusion, X-
rays from the matrix as well as the sulfide
appear in the acquired spectrum, Figure 13c.

(Ca, Mn) S~
L]

(Mg, Ca, Al) 0 —

Figure 13 -  Schematic illustration of an
electron beam interacting with a material. The
volume of material from which x-rays are emitted
is indicated.

In these particular low oxygen, aluminum
killed steels, the primary oxides are A1203, Ca0

and MgO. The designations A, C and M,
respectively, are used to represent these
phases. The M present is either M‘A or M. The

some form of calcium
elements such as Ti,

remaining oxides are
aluminates. Occasionally,
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Zr, Si, Na and K appear in the oxides. These
elements are present as the respective oxides
and are not considered to be affected by the
calcium treatment. In order to properly
determine the chemical composition of the oxide
phases, the following methodology has been
devised.

The electron beam is focused in the sulfide
portion of the inclusion, Figure 13b, and an X-
ray spectrum is acquired. The percentages of
calcium and sulfur in the sulfide are
quantitatively determined.

The ratio r is defined to be the atomic
percent of calcium in the sulfide divided by the
atomic percent of sulfur in the sulfide:

_ G

(13)
s(s)

r

The electron beam is then focused on the
oxide particle within the sulfide. The amount
of calcium, magnesium, aluminum, sulfur and
manganese are quantitatively determined. In
aluminum killed steels such as these, the oxide
phases generally do not contain Mn or S. Hence,
the Mn and S in the spectrum are from
penetration of the electron beam into the
sulfide below the oxide particle. Furthermore,
some of the calcium in the spectrum is from the
sulfide. Let S(Oé' Ca(g), Al o) and Mg(oé
represent the amounts of these species measure

in the oxide X-ray spectrum. Since some of the

calcium and all of the su fur are from the
sulfide, to a first order approximation, the
true calcium content of the oxide is:
' = -r * 14
Ca (0) Ca(o) r S(o) (14)
Thus, the calcium, magnesium, and aluminum

contents of the oxide are Ca’ , Mg , and

0)! o).
Al o In the case when Ca’ o) is negative,
there is no calcium in the oxiée phase and the
oxide is composed of A1203 and MqO.

The magnesium in the inclusion is present
as MgO-A1203 or MA, The calcium and aluminum
can be present as several compounds. The exact
species present and the corresponding atomic
percentages are calculated using the following
formulas.

The oxides present have the form MgoO,
A1203, and CaO (M, A, and C). Since the oxygen
atoms are not contained in a standard EDS
analysis, the sum of the atomic weight percents

(ATW) can be represented as:




I ATW = %Mg + %Al + %Ca’ (15)

If 2*%Mg > %Al, then all the aluminum is
combined as M+A and the excess Mg is present as
M. Otherwise,

%Al = %Al - 2*%Mg (16)
is the amount of aluminum remaining to form
calcium-aluminates, and Ca’ is the amount of
calcium available to form calcium-aluminates.
(17)

Letting g = Cca’/(Ca’ + Al'"),

The particular species present can be found by
using Table 5 and the lever rule. Several
examples of these calculations are contained in
Appendix A.

The primary strength of this technique is
that each inclusion serves as its own internal
standard. The correction for the amount of
calcium in the oxide phase is based on the
(Cass) ratio of the specific inclusion being
considered. The correction is not based on a
global variable such as the (Ca/S) ratio of the

steel or some assumption related to the
distribution of all elements in the oxide X-ray
spectrum.

To quantify the chemical composition of the
inclusions in a steel sample, it is first

necessary to decide what inclusions are
representative or typical of that particular
specimen. Based on the QTM analysis, a typical

inclusion for each heat was defined to be any
inclusion whose area was within 10 percent of
the average inclusion area for that particular
heat. In this manner, bias in selecting
inclusions for X-ray analysis 1is minimized. To
quantify the effect calcium and sulfur levels
have on inclusion  chemistry, ten typical
inclusions from each heat were selected for EDS
analysis. While this is a very small number of
inclusions relative to the number in a heat of
steel, the approach does illustrate the trends

that occur as bulk chemistry varies. For the
steels with wvarying sulfur content, as the
sulfur level increases, the inclusion (Ca/Mn)
and (Ca/S) weight percent ratios both
exponentially decrease, Figures 14 and 15
respectively. Conversely, for a fixed sulfur

level, as the bulk calcium content increases,

the (Ca/Mn) and (Ca/S) ratios appear to
exponentially increase, Fiqgures 16 and 17
respectively.
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These findings quantify effects that are
well known for calcium treated steels. For low
sulfur materials, calcium treating yields
calcium-aluminates which are surrounded by a
(Ca, Mn) S envelope. The lower the sulfur, the
higher the Ca content of the envelope and the
smaller the average inclusion area. For the
higher  sulfur alloys, as calcium levels
increase, the amount of calcium in the sulfide
paase increases. The increase in calcium in the
sulfide phase tends to yield more globular type
inclusions rather than stringers as seen in non-
calcium treated steels. For both systems, the
log-normal analysis can be used to predict the
probability of the presence of large inclusions

which can be very difficult to find
metallographically.
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Figure 16 -~ Relationship between average
inclusion (Ca/Mn) ratio and steel calcium
content.
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CONCLUSIONS

The relationships between the number of
inclusions per unit area, mean length,
area, and roundness for varying sulfur
and calcium contents in 4140 steel were
characterized. sulfur content
increased, Ny I, and A increased. An
initial increase in T occurred up to
approximately 0.018 percent S after which
I was constant. For fixed sulfur
content, as the amount of calcium
increased, I, A, and r decreased.

As

Based on the log-normal distribution, a
methodology to predict the number of

large inclusions per unit area was
presented. For inclusions greater than
20pm in  length, excellent agreement

between the number of inclusions measured
and the predicted number of inclusions
was obtained.

A SEM-EDS technique which permits calcium
X-rays originating from the sulfide phase
to be subtracted from those originating
from encapsulated oxides was presented.
This technique was used to study how the
(Ca/S) and (Ca/Mn) ratios were related to
bulk S and Ca content.
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Steel Chemical Analysis and Quantitative Inclusion Measurements

Chemical Analysis

Ca 0
Heat %S (ppm) {ppm)
A 0.002 38 14
B 0.003 29 12
C 0.018 35 14
D 0.025 28 8
*E 0.027 30 9
*F 0.030 47 19
G 0.036 29 24
H 0.029 14 7
I 0.029 20 9
J 0.029 21 8
K 0.029 22 12
L 0.030 23 7

Inclusion Analysis

:FD

44.
56.
89.
62.
84.
82.
98.

68.
92.
85.
69.
93.

WU oo o dJonNn-d

1 A

(4m) (pm?) _r
4.15 13.47 1.20
4.62 14.79 1.21
6.78 19.79 1.47
8.12 26.82 1.52
7.99 25.91 1.54
7.60 25.53 1.44
8.18 29.02 1.47
8.89 31.80 1.57
8.41 25.11 1.59
8.01 23.59 1.56
9.19 30.79 1.61
7.93 25.13 1.55

* These heats were included in the second group with varying calcium content.

Table 2

Typical Feature Data Acquired by QTM Analysis,

Heat C, 0.018% S

Parameter Number
Length 1101
Area 1101
Roundness 1101
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Sigma X Sigma Xx?
7226.1 110664.3
23525.2 2051283.¢
1503.3 2543.3




Table 3

Inclusion Length Distribution Data,
Heat C, 0.018% S

Length Cumulative Cumulative
(um) Frequency Sum Percent
0-4 5,215 5,215 43.59

8 4,048 9,263 77.43
12 1,190 10,453 87.38
16 584 11,037 92.26
20 297 11,334 94.74
24 223 11,557 96.61
28 154 11,711 97.89
32 69 11,780 98.47
36 62 11,842 98.99
40 32 11,874 99.26
44 34 11,908 99.54
48 24 11,932 99.74
52 8 11,940 99.81
56 2 11,942 99.82
60 8 11,950 99.89

>60 13 11,963 -
n= 11,963 £l = 80,256 £12 = 1,123,760
mean = 6.71 v =17.00 a = 1.5355 g = 0.8578
x50% = 4.64 ng_g% = 65.77
Table 4

Number of Inclusions/mm? > 20um in Length

Measured Predicted
% Sulfur Mean 95% CL Mean 95% CL
0.002 0.503 0.530 0.331 0.371
0.003 0.567 0.400 0.440 0.473
0.018 4,733 0.661 3.927 0.616
0.025 6.040 0.910 5.642 1.479
0.027 6.563 0.505 6.281 0.535
0.030 5.918 0.997 5.057 1.032
0.036 8.318 1.704 7.803 1.700
Table S
Phases in the Ca0~A1203 System
c A C+6A C-2A C-A 12C-7a 3C-A C
a =~
_— 0.0 0.077 0.200 0.333 0.462 0.600 1.00
Ca + Al

where Ca and Al represent atomic percents and A and C are A120 and CaO,
respectively. 3
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Appendix A

Sample X-Ray Analysis and Calculations

I. Inclusion 1

Element Sulfide Oxide
(at.%) (at.%
Mg 0.30%
Al 26.42%
S 48.04% 36.44%
Ca 1.24% 1.14%
Mn 53.72% 35.70%

Using the sulfide chemical analysis,

- Ca(s) 1.24

S(s) i8.04 - 0.0
In the oxide phase
Ca’' = Ca - r *S
©) _ 149~ 0.026 (%t.49)

0.20

Since 2*%Mg < %Al, all the Mg is present as M-A.

A}’ = Al - 2*Mg
© _ 56193 _ 2+(0!3%)
Al’ = 25.82
ca’ 0.20

0.20 + 25.82 0.008

©=Ca + AL’

Referring to Table 5 indicates that this ratio

is between that for A and C-6aA. Hence, the
amount of C+6A in the inclusion is
o . = Q__OM = [
%> C6A = 0077 =0 * 100 = 10.4%
and
o 0.077 - 0.008 _ o
% A 0T =0 * 100 = 89.6%
I1. Inclusion 2
Element Sulfide Oxide
(at.%) (at.%)
Mg 1.93%
Al 67.63%
S 48.11% 16.85%
Ca 6.14% 1.70%
Mn 45.75% 11.90%
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Sulfide
r =Ca/S = 6.14/48.11 = 0.13
Oxide
r = - > = -
Ca Ca(o) r S(o) 0.45
Hence, there is no calcium in the oxide phase.

Since 2 Mg < Al, the oxide is composed of A and
M-A.

III. Inclusion 3
Element Sulfide Oxide
(at.%) (at.%)
Mg 7.39%
Al 33.41%
S 48.24% 21.33%
Ca 6.38% 15.50%
Mn 45.38% 22.37%
Sulfide
r =Ca/s = 0.13
Oxide

Ca' = Ca(o) - r * S(O) = 12.68
Since 2 * Mg < Al, all the Mg is present as M-A.

Al’ =Al, , ~ 2 * Mg = 18.64

(o)
Ca’

"G +ar - 040

2

This ratio is between that for C+A and 12C-7A;
hence

0.40 - 0.333
YCOA = 563 = 0.333

% 12C-7A = 48.1%

100 = 51.9
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ABSTRACT

A laboratory size ingot of AISI 303 free-
machining stainless steel was sampled in the
as-cast condition and after forging to 54
sq. mm, 47.5 sq. mm, and 35 x 25mm section
sizes (72, 78 and 91% hot reduction,
respectively). As-cast and as-forged (54
sq. mm and 47.5sq. mm sections) specimens
were subjected to homogenization treatments
to spheroidize the sulfides.

Automatic image analysis, using the ASTM
F1245 procedure, was employed to
characterize the oxides and sulfides in the
as-cast, as-forged, and in the homogenized
specimens., Longitudinally oriented
specimens were measured to obtain the area
fraction, number per unit area, number of
intercepts per unit length, average height
or length, average area, and mean free path
(mean edge-to-edge spacing) for both oxides
and sulfides. Feature-specific measurements
of the sulfides were performed to determine
their shape factor as a function of
deformation and homogenization treatment.

THIS PAPFR DEMONSTRATES the use of
stereological measuremenl procedures to
characterize inclusions in a resulfurized
laboratory ingot of AIST 303 stainless steel
in the as-cast condition and after hot
forging to three smaller sizes.

Longitudinally oriented specimens were
measured by image analysis to determine how
hot reduction affects the measurement

parameters for deformable (sulfides) and
nondeformable (oxide) inclusions., As-cast
and as-forged specimens were also
homogenized and measured Lo determine
sulfide spheroidization tendencies as a
function of the initial shape of the
sulfides, Field measurements were performed
according to the new ASTM E1245(1,2) method
while feature-specific measurements were
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performed to assess sulfide shape.

INCLUSION MEASUREMENT - Measurement of
inclusions is a difficult analytical task
due to two basic sources of error: the
inherent difficulties associated with
sampling; and, the inherent errors of the
measurement method. The polished cross
section areas examined are very small
relative to the bulk material, While this
problem is typical of all qualitative or
quantitative measurements, inclusions are
relatively small, their volume fractions are
low, they are not randomly distributed, and
they deform at different rates than the
matrix during working. These factors make
assessment of inclusions one of the most
difficult tasks for the metallographer.

The oldest procedures for rating
inclusions are based on standard charts,
e.g., ASTM E45, While these methods are
generally adequate for quality control
purposes, they do suffer from a number of
deficiencies(3-9)., Chart ratings depend
heavily on the quality of the chart as to
the relevance of the pictures compared to
the inclusions in the steel and on the
grading of the chart picture series.
Reproducibility of chart ratings is often
less than adequate. Chart ratings are
difficult to quantify and use in data bases
or in structure-property correlations.
Because charts contain a limited number of
pictures depicting severity differences,
discrimination between different levels of
inclusion contents is not as precise as
desired. Chart ratings are generally
qualitative based on worst-field conditions
which can be misleading when comparing
different material lots, True quantitative
chart ratings are very time consuming and
the data obtained is difficult to handle.

Because of these problems, other
microscopical methods for assessing
inclusions have been proposed. For example,
indexes to summarize quantitative chart




ratings, such as the SAM index(10,11), have
been developed. Another approach has been
to develop chart ratings using automatic
image analyzers. This has been done for the
JK-charts of ASTM E45(12,13) and for the
German SEP 1570-71 inclusion chart(14-17).
This approach improves the reproducibility
and eliminates much of the subjective nature
of inclusion chart ratings. A different
approach has been taken by Johansson(18,19)
with a new chart classification scheme and a
small computer to tally field ratings and
compute test results.

Since the introduction of the first
commercially available TV-based image
analyzer in 1963, many researchers have
utilized these devices to assess
inclusions(20-31). As these systems have
progressed from analog to digital devices,
from hardware-driven to software-controlled
devices, with improved camera resolution,
they have become more reliable and more
capable. Inclusions are ideal subjects for
image analysis because of the good contrast
difference between the inclusions and the
as-polished matrix. Also, because of stage
automation and the speed of analysis, a
great many fields can be analyzed in a
reasonable time. Because of the small
quantity of inclusions present in steels, it
is necessary to measure the inclusions in
many fields per sample, and many samples per
lot. This is a clear advantage of image
analyzers compared to manual quantitative
methods or manual qualitative chart methods.

While image analysis has many
advantages compared to manual methods, it is
still subject to many of the same problems
associated with manual techniques and does
have some unique problems as well. Proper
sampling of the test lot is just as
important for image analysis as for manual
methods, Because image analysis is less
tedious than manual methods, adequate
sampling is easier to achieve, Also, due to
the inclusion distribution variability it is
better to assess a greater number of
specimens than to put a great deal of effort
in examining a small number of specimens.
Allmand and Coleman(32), for example, showed
that about 300 to 400 field measurements
were required to obtain a moderate degree of
accuracy but concluded that it was better to
measure 100 fields on each of four specimens
than to measure all 400 on one specimen,
This writer's experience definitely bears
out this conclusion,

Traditionally, inclusion measurements,
whether manual or automated, are made on a
tongitudinal plane-of-polish so that the
deformation characteristics can be assessed.
For the majority of work, the sample is
taken from a mid-thickness position,
particularly for billet specimens. However,
it is well known(32,38) that the inclusions
vary in amount, size, shape and spacing
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across steel products. Thus, for billet
specimens, it may be advisable to sample the
material at surface, mid-thickness, and
center locations at the top, middle, and
bottom.

Thanks to the improvements in automatic
polishing devices, it is relatively easy to
prepare the needed number of specimens with
the desired quality level., Also, most of
these devices can handle unmounted bulk
specimens which further speeds up the
process., The quality of the polish does
have a pronounced influence on measurement
results(23) and is more critical for image
analysis work than for manual measurements.
Polishing procedures for image analysis
inclusion measurements have been thoroughly
documented(34,35).

All systems that use the light
microscope are affected by the limited
resolution of the light microscope and there
is a noticeable magnification influence on
test results(23,36,37). As the
magnification increases, and smaller
particles can be resolved and detected, the
volume fraction increases. At low
magnifications, closely spaced particles
will appear to be touching and will be
counted as one while small, undetected
particles will not be counted. Hence, as
the magnification increases, the count will
increase. If inclusion areas or lengths are
measured, the closely spaced particles will
be sized as one much larger particle while
the small particles will not be detected and
sized. Hence, average areas and lengths
will decrease with increasing magnification.
For field measurements, those particles that
extend outside the measurement field will be
undersized. This problem becomes more acute
at very high magnifications and further
contributes to smaller average dimensions.

As the magnification is increased, the
field size decreases and the field-to-field
measurement variability increases. Thus,
the statistical quality of the data is
adversely influenced by increasing the
magnification, which can be overcome only by
measuring a proportionally greater number of
fields, Thus, there is an optimum
magnification for inclusion measurements
which is a compromise between resolution and
measurement variability. For any given
magnification, the relative accuracy of the
measurements improves as more fields, and
greater total area, are measured
(9,32,37,39), either manually or
automatically

Adjusting the densitometer's threshold
settings(23,39,40) to detect sulfides and
oxides, either separately or collectively,
is an important factor influence measurement
results and reproducibility. Generally, the
operator alternates between the live image
and the detected image (the "flicker"
method) while adjusting the threshold




settings, It is not usually possible,
particularly at lower magnifications, to
detect all of the small inclusions without
overdetecting the largest ones, It is
better to miss a few of the very smallest
inclusions than to mis-size the larger ones.

Focusing(32,40) of the microscope prior
to each measurement can also influence the
accuracy of test results. Automatic
focusing devices are becoming more reliable,
even for as-polished specimens with a very
low inclusion content. Spacing of the
fields across the specimen surface should be
based on the number of fields to be measured
and the polished surface area. Fields
should not be overlapped. If the polished
surface is relatively large compared to the
product of the number of fields to be
measured and the individual field area,
space the fields in a systematic pattern
across the surface.

INCLUSION DEFORMATION - The deformation
of sulfide inclusions in steels during hot-
and cold-working has been studied
extensively in ferritic alloys. The
plasticity of the sulfides relative to the
steel increases with decreasing hot working
temperature(41l) until the austenite-~to-
ferrite transformation temperature is
reached(42). Below this temperature, the
relative plasticity of MnS increases and
then gradually decreases as the working
temperature decreases to ambient(43).
Globular type I MnS, as encountered in
free-machining steels, are less deformable
than the angular type IIT MnS present in
aluminum-killed steels(42). It is also
known that small sulfides deform less than
larger ones(44) and may remain relatively
undeformed until very high levels of
reduction.

In these studies, and others not cited,
there is no mention of fracturing of
sulfides during working although Van Vlack
et al. demonstrated sulfide fracturing using
single crystal MnS embedded in powder
compacts(45-47)., Although some authors do
not address the issue of sulfide fracturing,
others have examined this possibility and
found none(48). However, Radtke and
Schreiber(49) measured sulfides after the
rolling of a non-homogenized billet of a
free-machining steel and observed that the
proportion of long sulfides decreased,
apparently due to fragmentation,

Deformability of oxides varies with the
composition and relative hardness of the
oxide. Silicates deform readily at high
temperatures, but below some temperature the
deformability decreases rapidly towards
zero, Aluminates do not deform at any
temperature, At low temperatures, these
brittle oxides can fragment,

SULFTDFE SPHEROIDIZATTION - Numerous
studies(48-54) have shown that sulfide size,
shape, number, and spacing can be altered by
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high temperature homogenization treatments,
although some authors(4l) reported no
observed influence. Gnanamuthu et al.(50)
reported that the volume fraction remained
approximately constant, the number per unit
volume decreased, the overall size increased
and the shape changed with homogenization
time, Wilson et al.(51), however, showed
that the number of sulfides per unit volume
first increased, reached a maximum, and then
decreased with homogenization time. They
also stated that the overall size decreased
initially, reached a minimum, and then
increased with homogenization time. The
peak of the number per unit volume vs. time
(at 1315C, 2400F)(51,53) occurred at a 20h
soak time. The specimens used had
previously been hot worked to reductions of
70 and 85%.

INFLUENCE OF DEFORMATION - Variation of
stereological parameters, such as 4,, NA’ D,
A, A, and N;, for deformable or non-
deformable particles as a function of the
degree of hot- or cold-working has not been
carefully documented in the literature.
Fisher and Gurland(55) have examined the
variation of A,, N, and X for the case of
nondeforming equiaXed particles and for the
influence of rotation and preferred
orientation of non-equiaxed particles
deformed uniaxially. They concluded that
the area fraction, A,, the number density,
N,, and the mean free path, A, do not change
for the case of nondeformable equiaxed
particles subjected to plastic deformation.
However, for non-equiaxed particles, NA and
Amay be influenced by rotation of the
particles into a preferred orientation
during deformation. In the case of
inclusions, where deformation
rotates the particles so that the long axis
of the inclusions are parallel to the hot-
working axis, the area fractions will not be
equal when evaluating A, on longitudinal vs.
transverse planes(56). Moreover, if
inclusion fracturing occurs, the number
density and average size will change.
Furthermore, closely spaced inclusions that
may be detected as one particle when
deformation is limited, may be spaced apart
with further deformation, thus changing the
count and size information.

PROCEDURE

For this study, a 45.5 kg (100 1b.)
air-induction heat of AISI 303 was melted.
Table 1 gives the composition of the
laboratory ingot. The ingot measured about
1l4mm sq. (4-1/2 inch sq.) at the top, 89mm
sq. (3-1/2 inch sq.) at the bottom, with a
559mm (22 inch) body length. A sample was
cut from the bottom end of the ingot prior
to heating for forging. The balance of the
ingot was heated to 1260°C (2300°F), held
for one hour and press forged to size. The




Table 1 - Composition of Laboratory AIST 303 Ingot
(Weight Percent)

c Mn P

Poos s

0,074 1.68 0.019 0.33 0.65

*% ppm

ingot was forged to produce sections with
three ditferent square cross section
dimensions: S4mm sq. (2-1/8 inch), 47.5mm
sq. (1-7/8 inch sq.), and 35 x 25mm (1-3/8 x
1 inch). The latter section was supposed to
be 25mm sq. (1 inch sq.) but the bar
temperature 788°C (1450°F), was too low and
cracking occurred. Reheating was not
desired in this experiment because of its
potential influence on the size and shape of
the sulfides. These sizes correspond to 72,
78 and 917 hot reduction (3.5:1, 4.6:1, and
Il.6:1), respectively,

£1245 ANALYSIS - The new ASTM F1245(1)
method utilizes field measurements on a
longitudinally oriented specimen (scan lines
perpendicular to the deformation axis) to
characterize the oxides and sultides
(separated by gray-level differences) by:

AA - area f{raction in % (1)
NA - number per sq. mm test area (2)
Nl - number of interceptions per mm (3)
" of scan line length
T, - Average length (sum of projected (4)
height /number of inclusions per
field)
A - Average area (AA/NA) (%)
X - Mean free path (spacing) (6)

perpendicular to the deformation
axis ( (1—AA)/N where A, is a

fraction, not aL%) A

While stereological measurement methods are
utilized, only the longitudinal plane is
assessed; hence, the three-dimensional
inclusion characteristics are not assessed.
These measurements are made on at least 100
fields per specimen and the average and
standard deviation of each measurement,
based on the number of fields measured, are
calculated for each specimen, Although the
distribution of these measurements for an
individual specimen measured with n fields
is not Gaussian, the usual formulae for the
arithmetic average and standard deviation
are used., After a number of specimens from
the lot are measured, the average
measurements for all of the specimens are
averaged and the standard deviation of the

1
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Al N

Cr Ni o*

7.44 9,42  <0.005 0.053 84

sample averages for each parameter (1 to 6
above) are calculated. The distribution of
the average values for a large number of
specimens from a lot will generally exhibit
a Gaussian distribution.

TEST PROCEDURE - Each of the sections
(as-cast, 54 sq. mm, 47.5 sq. mm) were cut
longitudinally at each mid-thickness
location and through the center from two
orthogonal directions producing sixteen
specimens per size., The mid-thickness
longitudinal planes, from surface-to-
surface, were polished using automatic
polishing procedures (Struers Abramatic
system), For the 35 x 25 mm section, four
ad jacent specimens were cut through the
center of the 35 mm face, as whole specimens
(surface-to-surface). After polishing, each
specimen was measured, according to E1245,
using a 50X objective and 100 or 200 fields.
The specimens were repolished, at least
once, and remeasured in the same way, to
provide additional information from a
parallel plane,.

Sections of the as-cast ingot, and from
the 54 and 47.5 sq. mm forged sections, were
cut and heated to various temperatures:
1260°C (2300°F) and 1302°C (2375°F) for 8
and 24h. Because the length of the 47.5 sq.
mm section was longer than the other
sections, additional pieces were cut and
these were heated to additional
temperatures: 1149°C (2100°F) and 1204°C
(2200°F) for 8 and 24h. Because the 35 x 25
mm section cracked during forging, no
spheroidization treatments could be
performed on this section size. The
homogenized specimens were sectioned in the
same manner as the as-cast and as-forged
specimens and measured in the same way.

RESULTS AND DISCUSSTON

SULFIDES - Table 2 lists the
measurement results for the as-cast and as-
forged sections., Note that the area
fraction and the mean free path decrease and
N, increases going from the as-cast
condition to the 3% x 25 mm section size,
i.e., with increasing hot reduction.
However, the differences between the arca
fraction values for the 54 sq. mm and the
47.5 sq. mm sections and for the 47.5 sq. mm
and 35 x 25 mm sections are not




Table 2 - Sulfide Measurements - As-Cast and As-Forged Specimens
(Mean Values + 95% Confidence Intervals)

Red. AA A L A NL A
Condition (%) [¢3) gmm_zz (pm) g,ng (mm_z) (ym)
As-Cast - 1.721+£0.048 1643140 2.44%0,20 11.10#1.08 5.904#0.20 168+6
54 sq. mm 72 1.637£0,053 1407106 3.47%0,22 11.91#0.72 6.80£0,22  146%5
47.5 sq. mm 78 1.594+0.048 1416%149 4.88%0,32 11.93%1.19 8.54%0,60 11828
35 x 25 mm 91 1.49420,134  2448£567 3.70£0.60 6.55%1.70 11,1220.63 89+5
Significance of Differences Between Means* (Confidence Level)
Comparisons _A E Z z E _X
As Cast vs., 54 sq. mm 987 99% 99.9% NS 99,97 99.97
As Cast vs, 47,5 sq. mm 99,97 997 99.97% NS 99.97% 99,97
As Cast vs, 35 x 25 mm 99.97% 99% 99.9% 99.97% 99,97 99.9%
54 sq. mm vs. 47,5 sq, mm NS NS 99,97 NS 99.97% 99.9%
54 sq, mm vs, 35 x 25 mm 95% 99.97% NS 99.97% 99.97% 99.97%
47.5 sq. mm vs. 35 x 25 mm NS 99.97% 99,97 99.97% 99.97% 99.97
* Student's t distribution, two-tailed test
NS - differences not significant (<95%)
Table 3 - Sulfide Measurements After Homogenization Treatments — As Cast Specimens
A Na T 7 N X
Heat Treatment [¢3) gmm_2} (um) g“ng gmm_lz (um)

None 1.721+0.048  1643.0%140.4  2,44%0.20 11.10%#1.08 5.90+0.20 167.9%5.8
1260°C-8h 1.73420,047  1699.4%151.2  2,12#0.23 10.74%1.18 5.88+0.18 168.0%4.9
1260°C-24h 1.733£0,051  1669.9%109.9  1,96%0.12  10,54%0.79  5.534#0.16 178.145.,2
1302°C-8h 1.680+0.032 1681.3%94,5 2,00£0.09 10.22#0.56  5.46x0.18 181.6%6.1
1302°C-24h 1.782%0.,040  1629,4%104.1 1.97¢0.05 11.06%0.63 5.47+0.24 180.7+8.2

Significance of Differences Between Means#
(Confidence Level)
Comparisons ﬁ\_ E E z E z
As Cast vs. 1260°C-8h NS NS 957 NS NS NS
As Cast vs, 1260°C-24h NS NS 99,97 NS 997 997
As Cast vs, 1302°C-8h NS NS 99,9% NS 997% 997
As Cast vs, 1302°C-24h 95% NS 99,97 NS 987% 997
1260°C-8h vs. 1260°C-24h NS NS NS NS 997 99%
1302°C-8h vs., 1302°C-24h 99.9% NS NS 957 NS NS

#* Student's t distribution, two-tailed test

NS = differences not significant (<95%)
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statistically significant. Note that the NA
value for the as-cast section is
statistically greater than the 54 sq. mm and
47.5 sq. mm section, but there is no
difference between the N, values

for the latter_two section sizes. Note,
however, that N, for the 35 x 25 mm section
is much higher éhan any of the other
sections. The A values are nearly identical
for the as-cast, the 54 sq. mm and 47.5 sq.
mm sections but is much smaller for the 35 x
25 mm section., The L values increase going
from the as-cast state to the 47.5 sq. mm
section; but, then L decreases substantially,
For the as-cast section, the sulfides are
not perfectly spherical and are not oriented
in the ingot axis direction; hence, L
underestimates the maximum dimension for the
sulfides. Nevertheless, it is clear that a
ma jor change has occurred in the sulfides
when the smallest section was forged, that
is, the increase in N, and decrease in L and
A suggest that a subséantial portion of the
sulfides fractured.

Tables 3-5 list the sulfide
measurements after homogenization of the
as~cast, 54 sq. mm and 47.5 sq. mm sections,
All of theo treatments produced a reduction
of the average suifide length, compared to
the starting condition. Except for the
1260°C-8h treatment of the as-cast section,
all treatments produced a reduction of the
number of sulfides intercepted by the scan

lines and a consequent increase in the mean
free path (mean edge-to-edge spacing between
sulfides perpendicular to the hot working
axis or ingot axis). As might be expected,
the magnitude of these changes increased
with the amount of hot reduction being
smallest for the as-cast specimens and
greatest for the 47.5 sq. mm specimens (787
hot reduction).

For the as-cast and the 54 sq. mm
specimens, there appears to be an effect of
temperature and time on the area fraction
and average area. For the as-cast
specimens, the 1302°C-24h treatment resulted
in a significantly higher area fraction.

For the 54 sq. mm section, the two 24h
treatments (1260°C and 1302°C) produced a
significantly greater area fraction and
larger average area. Results for the KA and
A values of the 47.5 sq. mm specimens are
more erratic and difficult to interpret.

For the A values, one treatment (1149°C-24h)
resulted in a significantly lower average
area; all other values are statistically
similar. For the A, values, five of the
treatments produced significantly higher
values while one produced a significantly
lower value. The 1302°C-24h treatment
(highest_temperature, longest time) produced
a lower A, value, compared to the sequence
shown, ané the L value also increased. The
erratic behavior of this series of specimens
may be due to the greater initial elongation
of the sulfides in the 47.5 sq. mm section,
and the types of changes in measurements

Table 4 - Sulfide Measurements After Homogenization Treatments - 54 mm2 Specimens

A N T 3 w Y
Heat Treatment 3 gmm~22 (um) ggmzz (mm—l) (um)
none 1.637£0.053  1407.3£105.5 3.47+#0.22 11.91£0.72 6.80%0,22  145.5%4.5
1260°C-~8h 1,A8740,034  1496.1£167.8  2,7620.36 11.72%1.22 6.1420.23 160.9%5.9
1260°C-24h 1.71620.039  1335.9%+ 87.8  2,7420,14 13.04%0.88 5.58%0.16 176.8%5,3
1302°C-8h 1.635£0.032 1362.9% 85.9  2,64#0,11 12,15%0.76  5.46%0,16 180.7%5.2
1302°C-24h 1.73140.046  1217.3% 81.3  2.86x0.15 14,95%1,06 5.21%0.25 190.249.3
Significance of Differences Between Means*
(Confidence Level)
Comparisons i{\_ ﬁﬁ Z A ﬁl;- X
As Forged vs. 1260°C-8h NS NS 99.97% NS 99.92 99.97
As Forged vs, 1260°C-24h 997% NS 99.97% 957 99.9%2 99.9%
As Forged vs. 1302°C-8h NS NS 99,97 NS 99.9%2  99.97
As Forged vs. 1302°C-24h 997 997 99.9%2 99.9%7 99.9Z7 99.97%
1260°C-8h vs. 1260°C-24h NS NS NS NS 99.9%2  99.9%
1302°C~8h vs. 1302°C-24h 997% 987% 987% 99.9% NS NS

* Student's t distribution, two-tailed test
NS = differences not significant (<95%)
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Table 5 — Suifide Measurements AiLter Homogenization Treatments -

47.5 mm2 Specimens

-— -— \J -—
Ap N A M )
Heat Treatment [¢3) gmm_zz (um) (gmz) (mm_l) (um)
none 1.594%0,048 1415.6%148.8 4.88+0,32 11,93#1.19 8,54%0.60 118,3%7.5
1149°C-8h 1.583%20,041  1440.4% 77.4  3.84%0,28 11.20%0.61  7.29%0,25 136.4%4.7
1149°C-24h 1.629+0.025 1564.4% 79,0  3.4920,23 10.63%0,53 7.15%0.16 138,2%3,2
1204°C-8h 1.655%0.033 1517.1% 97,6  3,65%0,27 11,24#0,78 7,30%0.20 135,5%3.8
1204°C-24h 1.52520.045  1342.4% 62.9  3.14%0,20 11.48%0.47 6.0920.17 162,7%4.8
1260°C-8h 1.668+0,028 1480.3#109.8 3.05%0,25 11.35%0,78 6.73%0,33 146.6%7,3
1260°C-24h 1.703+0.053 1547.7+ 85.8 2,86%0,21 11.15%#0.74 6.34%0.15 155,4%3.7
1302°C-8h 1.706+0.035 1501.6% 74.5 2.89%0,20 11,41#0.75 6,4520,18 152,6%4,2
1302°C-24h 1.613#0.052  1345.3+ 87.6  3.19+0,23 12,20+0,87 5.80%#0,18 170.5%5.5
Significance of Differences Between Means¥
(Confidence Level)
Comparisons ﬁ E L A _I:IL A

As Forged vs. 1149°C-8h NS NS 99.97% NS 99.9%7  99.9%

As Forged vs. 1149°C-24h NS NS 99,97 957% 99.9%7 99.97

As Forged vs. 1204°C-8h 95% NS 99.97% NS 99.9Z2  99.97%

As Forged vs. 1204°C-24h 95% NS 99.97% NS 99.9%2 99.97

As Forged vs., 1260°Ck-8h 997 NS 99,9% NS 99.9%2  99.9%

As Forged vs. 1260°C-24h 997 NS 99.97% NS 99.9%2  99.9%7

As Forged vs., 1302°C-8h 99,97 NS 99,9% NS 99,9% 99.9%

As Forged vs. 1302°C-24h NS NS 99.97 NS 99.9%2  99.97%

#* Student's t
NS =

reported by Gnanamuthu et al.(50) and Wilson
et al.(51). These authors(50,51) used
either a single treatment temperature(51) or
a range of temperatures(50) and a much wider
range of times which may be required to
understand the trends. Times longer than
24h were not considered in the work reported
here as they are not practical commercially,

Sulfide shape factors were measured
using feature specific measurements of the
area, A, and perimeter, P, of individual
sulfides and calculation of the classic
shape factor:

SF = 4TA (7
P2
The shape factor for a circle is 1, less

circular shapes, on the two-dimensional
plane-of-polish, produce values less than 1,
but no less than 0. About 1000 sulfides on
each of four specimens (surface-to-surface)
from each as-cast, as-forged, and homogen-
ized condition, were measured to determine
an average shape factor for each specimen
per condition, The results for each
specimen for each condition were averaged
and these values are listed in Table 6. Due
to the rather limited sampling, contidence
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distribution, two-tailed test
differences not significant (<95%)

limits were not calculated and the
significances of the differences between
these mean values were not determined.
However, the results in Table 6 do show
clear trends but much more work would be
needed to define the precision of these
measurements. The results are in agreement
with the previous data, Tables 3-5, on the
homogenized specimens,

OXIDES - Measurements of the ovides in
each of the specimens used to evaluate the
sulfides (Tables 2-5) revealed that the
homogenization treatments had no influence
on the oxides, as expected. Hence, to
obtain better statistical definition of the
oxides, all of the data for the as-cast and
as-cast and homogenized, and for the as-
forged and as-forged and homogenized
specimens, for each section size, were
combined., Table 7 lists the average results
for the as-cast, 54 sq. mm, 47.5 sq. mm and
35 x 24 mm sections, the latter had only
eight measurements due tu the cracking that
occurred in this section during forging.,
Note that the oxide measurements for the
as-cast specimens are significantly
different than the forged sections with a
much greater area fraction, number per unit




Table 6 - Shape Factors* of Sulfides

Homogenization Treatment
8h 24h
Material none  1149°C  1204°C  1260°C  1302°C  1149°C  1204°C  1260°C  1302°C
As Cast 0,933 ~ - 0.944 0.949 - - 0.955 0.855
54 sq. mm 0.809 ~ ~ 0.918 0.927 - ~ 0.925 0.934
47.5 sq. mm 0.699  0.761 0.847 0.874 0.907 0.866 0.876 0.914 0.910

35 x 25 mm 0.668

* ATTA/P2

area, size, and intercept count and a
smaller spacing. This is mainly due to
detection of cavities within some of the
larger globular sulfides. Both have the
same gray level and separation of the oxides
from the cavities is not possible(2).

For the forged sections, we can see
clear trends showing a decrease in the area
fraction, number per unit area, size and
intercept count and an increase in the
spacing (A) as the degree of hot reduction
increased. Most of these differences are
significant, as shown in Table 7. These
changes in the stereological measurements
are due to examination on the longitudinal
plane only and the rotation, alignment, and

spreading out of the oxides with increased
hot reduction. Because N, continually
decreases, substantial fragmentation of the
oxides has not occurred,

Skew and kurtosis (9) values for each
measurement parameter were calculated using
the oxide specimen averages for the as-cast,
54 sq. mm, and 47.5 sq. mm sections, For an
ideal Gaussian (normal) distribution, the
skew is zero and the kurtosis is three.
Table 8 lists the skew and kurtosis values
for each parameter and section size. Note
that the skew values are all positive
showing that the data all exhibit right-
skewed distributions, that is, the mode is

Table 7 - Oxide Inclusion Measurements

AA NA
Material (%) gmm_2)
As Cast 0.0350£0,004 111.9%10.1
54 sq. mm 0.0082+0,0008 66.4% 5.4
47.5 sq. mm  0.0067+0,0006 60.3% 6,0
35 x 25 mm  0.0040x0,0013 48,1+10,7

Significance of Differences Between Means

(Confidence
Comparisons EA ﬁﬁ
As Cast vs., 54 sq. mm 90,67 99,97
54 sq. mm vs. 47.5 sq. mm 997 NS
47.5 sq. mm vs. 35 x 25 mm 99,97 95%
54 sq. mm vs. 35 x 25 mm 99,97 99.9%

* Student's t distribution, two-tailed test
NS = differences not significant (<95%).

Note: The number of specimen averages were |

54 sq. mm and 47,5 sq. mm sections, re
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]

T 3 NL X
(um) ¢ mz) (mm_lz (um)
0.69+0,04 3.14%20.26 0.188% 0.018 78271285
0.34%0.02 1.31£0,13 0.065520,0042 16903+1152
0.29+0.01 1.2720,13 0,056320,0043 22853+2364
0,25%0.02 0.85%0,30 0,0409+0,007 2532044089
Interval)
L A M A
99,97% 99.97% 99,9% 99.9%
99.9% NS 99,9% 997
99,97 997 NS 99.9%
99,97 997 99,97 99,97

i3, 100, and 168 Tor the as-cast,
spectively,




Table 8 - Skew and Kurtosis Values
for Specimen Means - Oxide Data

x|
=|

N

7Y 2a L B L A
Skevr (Bl)
As-Cast 0.748 1.635 0.0008 0.186 0.250 9.731
54 sq. mm 1.856 6.815 0.917 1.955 0.467 1.238
47.5 sq. mm 3.709 11.355 0.147 10.326 3.153 19.229
Kurtosis (32)
As-Cast 4,081 6.963 2.285 2.559 3.093 15.324
54 sq. mm 5.295 13.577 3.888 5.008 3.690 4,188
47.5 sq. mm 9.111 200.823 3.692 18.324 8.647 34.326

Note: The number of specimen averages were: 113, 100 and 168 for the as-cast,
54 sq. mm, and 47.5 sq. mm sections, respectively.

less than the mean. If the data path data are not normal, except for one

distribution exhibits a pronounced "tail"” on
the right side (higher values), the positive
skew value is high, as in the case of the N
and mean free path data. As the kurtosis
value increases above 3, it indicates that
the distribution curve is more "peaked" than
that of the ideal normal curve. Values
ahove 5 indicate non-Gaussian data
Aistriboatiag g
Table 8 shows that, in general, the
skew and kurtosis values increase with
increasing hot reduction. Overall, the most
normal distributions are exhibited by the

average length data. The NA and mean free

case, and are generally highly skewed. The
as-cast data are the most normal while the
54 sq. mm section size data are nearly as
normal but the 47.5 sq, mm section size data
is only normal for the L data.

Skew and kurtosis values were also
calculated for sulfides in the as-cast and
as-forged (54 and 47.5 sq. mm) sections that
were not homogenized (Table 9). Except for
one value, the skew values are low and the
kurtosis values are close to the ideal value
of three for a normal distribution. The one
odd set of results, for the average length
of the as-cast specimens, was influenced by

Tatle 9 - Skew and Kurtosis Values for Specimen
(As Cast and As Forged) Means - Sulfide Data

M Wy L i M X
Skew (Bl)
As Cast 0.067 0,085 5.838 0.069 N.088 0.030
54 sq, mm 0.883 0.113 0.046 0.00006 0.542 -0.117
47.5 sq. mm 0.176 0.346 -0.008 0.105 1.076 -0.104
Kurtosis (82)
As Cast 2.356 1.777 9,951 1.897 2.750 2.844
54 sq. mm 4,388 2.313 2.662 2.450 3.450 2.782
47.5 sq, mm 2.114 2.319 2,130 2.251 3.699 2.443

Note: The number of specimen averages were: 731, 34, and 26 for the
as cast, 54 sq. mm, and 47.5 sq. mm sections, respectively,
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Figure 1.
ingot (unetched).

one rather high value, which may be an
outlier, Tables 8 and 9 demonstrate the
influence of the amount, number and size of
the second phase on measurement statistics.

MTCROSTRUCTURES - Examination of the
microstructure of the as-cast specimens
revealed a mixture of type I and type Il
sulfides with type T much more common,
Figure 1 illustrates regions containing
globular type I sulfides and interdendritic
type IT sulfides The latter appear as
clusters of small spheres on the plane-of-
polish but in three-dimensions they are rod
shaped and approximately parallel. For an
average oxygen content of 84 ppm, such a
mixture is expected., Hollow-appearing
globular sulfides were also ohserved as well
as some with irregular shapes, as
illustrated in Figure 2.

Figure 3 depicts the typical appearance
of sulfides in the as-cast, 54 sq. mm, 47,5
sq. mm, and 35 x 25 mm sections. A wide
range of sizes are observed and their
distribution is typical of a resulfurized
stainless steel. The wrought specimens show
increased elongation with hot reduction but
the sulfides have largely retained much of
their glohular appearance.

Figure 4 illustrates the appearance of
oxides in the heat. The large complex oxide
(Figure 4a) was the only one of this type
nbserved, The other oxides shown are more
typical. Nearly all of the oxides were
associated with sulfides, either embedded
inside the sulfide or at the end, or ends.

Figure 5 shows typical views of the
sulfides in the as-cast and as-forged
spec imens after homogenization at 1260°C for
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b.

Examples of type T and type II (arrows) (Mn,Cr)S in the as-cast

8h and 1302°C for 24h., Comparison of Figure
5 with Figure 3 demonstrates qualitatively
the shape changes measured by image
analysis, Homogenization of the as-cast
specimens and the 54 sq. mm specimens (727
hot reduction) resulted in simple
globularization of the sulfides. This is
also apparent in the homogenized 47.5 sq. mm
(78% hot reduction) specimens but a second
effect is also observed, that is, many of
the more highly elongated sulfides are
necking down at one or more locations and
"pinching off" to form two or more smaller,
globular sulfides (see Figure 6). This
effect was observed in all of the 47.5 sq.
mm specimens but only a small percentage of
the sulfides were so effected and very few
have fully separated. Tt appears that the
"cylinderization" and "ovulation" of
sulfides(50-54) is accelerated by increased
hot reduction, that is, elongated sulfides
with their proportionally greater surface
area undergo these processes more rapidly.
This occurs because surface diffusion is the
rate controlling process(52). The
homogenization times used were not long
enough, however, to complete this process
for the hot reductions used. Tt is expected
that the process of cylinderization -
ovulation - spheroidization would have been
more fully developed if the 35 x 25 mm (91%
hot reduction) specimens had been available
for homogenization treatments. For the
experiment, a higher finishing temperature
would be required to prevent cracking. This
watitld probably have prevented sulfide
fragmentation as well,
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Figure 2,

e.

Fxamples of hollow (open-a and b, metal filled- ¢ to e) sulfides and

oddly shaped sulfides (b to e) in the as-cast ingot (unetched).

CONCIUSTONS

Measurements of the sulfides and oxides
in a laboratory size ingot of AIS] 303 for
as—cast and as-forged specimens with
different degrees of reduction using the new
ASTM F1245 image analysis procedure has
permitted definition of the changes in
inclusion characteristics viewed on a plane
parallel to the ingot/deformation axis. The
sulfide area fraction and mean free path
(perpendicular to the deformation axis)
decreased while the intercept count
increased . ith l.formation, The number of
sulfides per unit area decreased slightly,
remained constant, and then increased
dramat ically when the sulfides fragmented at
the largest amount of hot reduction (917)
used.  As the ingot was deformed, the
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average sulfide area remained constant while
they increased in length; however, during
further reduction the sulfides fragmented
producing sihorter, smaller sulfides along
with the large increase in number density,
The decrease in volume fraction with
deformation is due to the rotation and
elongation of the sulfides parallel to the
hot working axis, which was also the plane
of examination,

Homogenization treatments on the as-
cast and two of the as-forged sections (72
and 787 hot reduction) primarily affectled
the average length (decreased), the
intercept count (decrecased) and the mean
free path (increased). The number density
was largely unaffected. For the as-cast and
least deformed (72% reduction) as-forged

il
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longitudinal axis horizontal (unetched).

specimens, the longest treatments,
particularly at the highest temperature,
produced an increase in the average sulfide
area and area fraction of sulfides.
Cylinderization and ovulation of the
suylfides were not observed for these
specimens.

Results for the more highly deformed
(787) 47.5 sq. mm section produced little or
no influence on the average sulfide areas;
except for one specimen (slightly smaller),
they were identical, The area fractions,
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except for one sample that was similar, and
one that was lower, increased slightly with
homogenization, All of the homogenized
specimens of this section size exhibited
some evidence of cylinderization and
ovulation but the latter was rarely carried
to completion, lLonger holding times, beyond
those that are commercially practical, would
be required for ovulation to be completed
and for subsequent spheroidization. To
maximize machinability, such a process is
probably not desired as it is generally
helieved that large, globular sulfides are
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Fxamples of oxides (Mn-silicates containing Al and Ti)

observed in specimens: a) large complex inclusion; c) isolated
globular oxide; b), d) and e) sulfides adhering to oxides or
surrounding oxides (e); sulfides gray, oxides black (unetched).

more desirable, Hence, such treatments
should only be applied to less deformed
starting structures so that globularization
is achieved rather than cylinderization,
oviulation and subsequent spheroidization,

Shape factor analysis for the as-cast
and as-forged specimens revealed a
decreasing shape factor with increased
deformation, as expected, Homogenization
treatments increased these shape factors
with the degree of improvement increasing as
the initial shape factor decreased, that is,
homogenizat ion produced the greatest degree
of shape factor change in the most highly
deformed sulfides, The shape factors
increased with homogenization temperature
and time,

Measurement of oxides in the as-—cast
specimens produced a higher area fraction,
number density, average length, average
areca, and intercept count and a lower
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spacing compared to the as-forged specimens.,
This was due to detection of voids within
globular sulfides as well as oxides. Both
features have the same gray level and cannot
be separated. For the wrought specimens,
the area fraction decreased, the average
length decreased, and the mean free path
increased with increasing deformation,

The reduction of the area fraction with
increased deformation was due to the
rotation of the oxides during deformation
and the use of a preferably oriented plane
of examination, that is, a non-random
section plane, Except for the comparison of
the 54 sq. mm section to the 47.5 sq. mm
section (72 vs. 78% hot reduction), the
number density and average area also
decreased with hot reduction. Also, except
for the comparison of the 47,5 sq, mm
section to the 35 x 25 mm section, the
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f - 1302C for 24h),
were affected (unetched),

intercept count also decreased with
increasing hot reduction.
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BENEFICIAL ASPECTS OF INCLUSIONS IN ALLOYS:
TWO CASES — FREE-MACHINING BRASS AND OXIDE
DISPERSION STRENGTHENED ALLOYS

A. Wolfenden, V. N. Cribb

Mechanical Engineering Department
Texas A&M University
College Station, Texas 77843 USA

ABSTRACT

In certain materials, inclusions are
introduced to promote specific
beneficial properties. We give two
examples. In free-machining brass up to
3.5 wt. % Pb is present in the form of
inclusions distributed mostly on the
grain boundaries. The beneficial
function is the promotion of excellent
free machining properties, namely,
discontinuous chip formation. Our
experiments have explored the influence
of Pb inclusions on machining
parameters such as speed, feed and
depth of cut. Additionally, an
ultrasonic technique known as the
piezoelectric ultrasonic composite
oscillator technique (PUCOT) has been
used at 40 kHz to monitor the behavior
of the Pb inclusions as a function of
temperature up to and beyond the
melting point of Pb. The physical form
of the inclusions has a pronounced
effect on the mechanical damping of the
brass. In oxide dispersion strengthened
(ODS) alloys small percentages of
inclusions are necessary to promote the
desired high temperature mechanical
properties such as strength and creep
resistance. For several standard ODS
alloys we have calculated the influence
of chemical composition on the elastic
modulus, including the effects of the
inclusions and preferred orientation of
the grain structure. Some details of
the experimental techniques and results
are discussed.

A MERE GLANCE at the list of contents
of this Symposium is enough to convince
us that the presence of inclusions in
materials has wide-ranging
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consequences. The detrimental
characteristics of inclusions are well
publicized in steels because of their
profound effects on fatigue cracking,
cleavage fracture, stress corrosion
cracking and corrosion fatigue
cracking. Conversely, the beneficial
effects of inclusions in some materials
are well known, such as the enhancement
of machining properties in stainless
steels, medium carbon steels and brass.
Research over a number of years has
revealed that the chemical composition,
and the size, shape and distribution of
the inclusions in materials are
variables that affect the properties.
Techniques are being developed to
control these variables, thus enlarging
the scope for continued research on
inclusions.

In this paper we deal with some of
the beneficial aspects of inclusions in
materials. These aspects are
illustrated by consideration of a
material well-known for its free-
machining characteristics, brass, and
then of some materials known as oxide
dispersion strengthened (ODS) alloys.
For brass, the experiments explored the
role of lead inclusions on chip
temperature, cutting force, feed force
and thickness of the deformed chip. The
cutting force and feed force were found

to be described best by a power law
model as a function of feed rate and
depth of cut. In terms of the thickness
of the deformed chip, a linear model as
a function of cutting speed and feed
rate characterized the cutting
relationships best. Additionally on
brass, experiments with an ultrasonic
technique were used to monitor the
behavior of lead inclusions up to and




beyond the melting point of lead
(327°C) . The technique showed that the
physical form of the lead has a
pronounced effect on the mechanical
damping (internal friction) or
vibration damping of the free-machining
brass. For seven ODS alloys we
performed calculations of the influence
of chemical composition on the elastic
modulus (Young’s modulus), with the
elastic compliances (S;) of the
elements, the moduli of the inclusions,
and some measure of the preferred
orientation of the grain structure of
the alloys as input parameters. The
calculated values of elastic modulus
were found to be within 6.3% (on
average) of the measured values taken
from the literature.

EXPERIMENTAL PROCEDURES AND
CALCULATIONS

1. MACHINING EXPERIMENTS ON FREE-
MACHINING BRAS3 - The experiments were
carried out on an engine lathe (a 406
nm Monarch Series 62 retrofitted with
an infinitely variable spindle speed
drive) with the free-machining brass
(Copper Association Alloy €36000) of
chemical composition listed in Table 1.
Carbide tool inserts (style TNMG 332,
uncoated type Ké8) from Kennametal with
a DTANRS-123 toolholder gave a side
rake angle of -5°, side clearance of

5°, back rake of -5°, side cutting edge
angle of 0° and a tool overhang of 80
mm. The contact length at the chip/tool
interface was approximately 1 mm. The
tubular workpiece, prepared from a cold
drawn bar, was cantilevered in a three

jaw chuck for orthoaonal turning. The
outer surface of the 44 mm cold drawn

bar was turned to 42 mm to eliminate
the effects of the cold drawn surface
and variation due to hardness on
measured forces. The bar was drilled
and bored to the appropriate inside
diameter to give the desired wall
thickness representing depth of cut or
unformed chip width. Four equally
spaced levels of depth of cut (in the
range 3.378 to 6.960 mm), three levels
of feed representing the undeformed
chip thickness (in the range 0.216 to
0.383 mm/rev) and three different
speeds (in the range 100 to 200 m/min)
were used during machining. Double
replicates of each of the resulting 36
experimental conditions were taken to
give a better estimate of the
variation. The data were taken in
completely random order to avoid
concentrating extraneous errors on any
one group of observations. Two
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components of feed force, cutting force
(F.) and feed force (F,), were measured
by a Kistler three component
piezoelectric dynamometer (model 9257A)
and recorded. Sample chips were
collected for each of the 72
observations and the deformed chip
thickness was measured. Of course, in
the case of free-machining brass the
chips were discontinuous. From the
samples, certain chips were chosen and
examined in the Scanning Electron
Microscope (SEM). Also for each
observation, the average shear plane
angle was calculated using the chip
thickness measurements, and the
temperature rises in the primary and
secondary deformation zones of the chip
were estimated from the force data and
shear plane angle using the equations
given earlier (1). The properties of
free-machining brass used in the
calculations are: density 8497 kg/md3,
specific heat 376 J kg! K! and

thermal conductivity 9.66 W m! K1,
Further details of the machining
experiments are available elsewhere
(2,3).

2. MECHANICAL DAMPING MEASUREMENTS ON
LEADED AND ON LEAD-FREE BRASS - The
method used was the piezoelectric
ultrasonic composite oscillator
technique (PUCOT) (4-6). The
mechanical damping or internal friction
(g!) was measured continuously for
specimens undergoing longitudinal,
sinusoidal vibration at 40 kHz with
maximum strain amplitude of 3 x 107 in
the temperature range 25 to 400°C.
Heating or cooling rates of 16 or
50°C/h were employed. The specimens of
leaded (nominally C36000 brass) and
lead-free brass (see Table 1 for
compositions) were annealed at 400°C
for 30 min before the ultrasonic
experiments were started. Full details
of the technique are given elsewhere
(6).

3. CALCULATION OF YOUNG’S MODULUS FOR
ODS ALLOYS - A simple empirical
approach was used to attempt to relate
the effects of texture and anisotropy
of ODS alloys, containing typically 1
to 2% inclusions, to the measured
values of Young’s modulus. Seven alloys
were chosen for this study. Their
chemical compositions are given in
Table 2. The modulus was calculated as
follows. First, the values for §;; for
the principal elements in the alioys
were incorporated in the equation to
calculate the maximum anisotropy in
Young’s modulus E. The equation for the
anisotropy factor (AF) is:




AF = Ei1/Ejp0 = 51/ (S11—2((Syy=

S12) =S4/2)/3) . (1)
Next, the average value of Young’s
modulus for polycrystalline specimens
of a particular element was modified
(reduced or increased) by the use of a
modulus biased toward that for the
{100] direction, since this is the
common texture in the ODS alloys. The
arbitrary factor (1+AF)/2 was used. For
example, for aluminum the value of AF
is 1.2 and the modified modulus then
became 70 GPa/1l.1 = 63.6 GPa. Finally,
the rule of mixtures was used to
calculate the modulus for the alloy as
the sum of the products (fraction by
weight) x (modified modulus) for the

principal elements in the alloy. The
value of the modulus for the inclusion
(dispersed oxide) was taken to be 500
GPa and was not modified by some
portion of the anisotropy factor since
this factor is unknown for such an
inclusion. In total, the formula is:
orientation modified modulus =
Summation (wt frac); x (2/(1+AF;)) x
{(modulus); + (wt frac);, uen X 500
GPa,
where the summation is taken over i
elements or components in the alloy.
Table 3 shows the anisotropy factors
for six elements that are usually
contained in ODS alloys.

(2)

RESULTS AND DISCUSSION

1. MATHEMATICAL MODELING OF THE TOOL
FORCES AND THICKNESS OF THE DEFORMED
CHIP (FREE-MACHINING BRASS) - In
conjunction with an examination of the
results from the machining experiments
on free-machining brass, a rigorous
postulation of mathematical models was
performed (2,3) to represent the
relationships between the dependent
variables (tool forces and thickness of
the deformed chip) and the independent
variables (cutting conditions). Only
the most important features of the
research will be summarized here. The
rigorous statistical analysis led to
the following equations:

F = A f0.753 d0.999 (3)
c

F‘ = B f0.499 d0.963 (4)
t, = C + av, + bf, (5)

where A, B, C, a and b (with b >> a)
are constants dependent on the units
employed, f is the feed rate, d is the
depth of cut, t; is the thickness of
the deformed chip, and V, is the
workpiece velocity. Clearly, the depth
of cut had the most effect on the tool
forces, while the feed rate had the

67

most effect on the thickness of the
qeformed chip. The tool forces measured
in the experiments on free-machining
brass were independent of cutting
speed. Of course, there is to be
expected a big reduction in tool forces
resulting from the presence of lead
inclusions (7), but lead-free brass was
not investigated in this study. In the
next three sections we have included
the measured values of the tool forces
and thickness of the deformed chip in
calculations of the temperatures
generated in the chip with the aim of
assessing whether the lead inclusions
melted during the machining process.

2. TEMPERATURE RISE IN THE PRIMARY
DEFORMATION ZONE OF CHIPS (FREE-
MACHINING BRASS) - In considering the
plastic deformation of the chip, there
are two aspects - the deformation in
the primary zone and the reworking of
the chip in the secondary zone. Each
aspect is considered separately here.
The rate of working for the primary
zone is given as the product of the
shear force and the shear velocity. An
allowance is made for the heat
conducted back into the workpiece.
Thus, the equation for the temperature
rise deltaT, in the primary deformation
zone of the chip was presented (1) as:

deltaT, = (1l-beta,) (F.cos phi -
F,sin phi)cos alpha/(rho c w,t,cos(phi
- alpha)), (6)
where beta, is the proportion of the
shear plane heat that is conducted back
into the workpiece, phi is the average
shear plane angle, alpha is the tool
rake angle, rho is the mass density of
the material, ¢ is the specific heat,
w, is the width of the underformed
chip, and t, is the thickness of the
undeformed chip. With this equation and
the known or measured parameters, the
temperature rises were found to be in
the range 87 to 117°C, much less than
the melting point of the lead
inclusions (327°C).
3. TEMPERATURE RISE IN THE SECONDARY
DEFORMATION ZONE OF CHIPS (FREE-
MACHINING BRASS) - The regions of the
chip next to the rake face are now
reworked in the secondary deformation
zone. For this calculation the equation
is (1):

deltaT, (max) = D ((F.sin alpha +
F,cos alpha)/Lw,) (xV,)!?, (7)
where deltaT, (max) is the maximum
temperature rise along the secondary
zone, D is a constant dependent on the
units employed, L is the contact




length, and r is the chip thickness
ratio (t,/t,;). With the experimentally
determined parameters inserted into
this equation, the temperature rises
were found to be in the range 91 to
269°C. Again, these temperatures are
much less than the melting point of
lead.
4. THE MAXIMUM TEMPERATURE AT THE END
OF THE CONTACT LENGTH OF THE CHIP
(FREE-MACHINING BRASS) - Since the
machining process is a rapid
deformation process, we have assumed
that the maximum temperature T(max) at
the end of the contact length of the
chip is the sum of the temperatures
gained in the primary and secondary
zones. Thus:
T (max) = deltaT, + deltaT, +
T (ambient), (8)
where T(ambient) is room temperature.
The use of this formula yielded values
of T(max) in the range 247 to 432°C.
Therefore, for some combinations of
feed, speed and depth of cut it appears
that the lead inclusions had the
opportunity to melt. The various
equations showed that speed and feed
affected T(max), while the depth of cut
did not affect deltaT, and deltaT,.
5. SEM EXAMINATION OF DISCONTINUOUS
CHIPS (FREE-MACHINING BRASS) - Direct
evidence of the role of lead inclusions
in the formation of discontinuous chips
during the machining of free-machining
brass was obtained in the SEM study of
the deformed surfaces of selected
chips. Figures 1 and 2 show SEM
micrographs of the smooth (the
underside surface of the chip that was
adjacent to the rake face) and of the
rough (the free surface) sides of chips
formed at workpiece speeds of 100 and
200 m/min, respectively. For both cases
the feed rate was 0.384 mm/rev and the
depth of cut was 6.96 mm. For the rouah
side of the chip there was no
significant change in the morphology of
the fracture surface when the speed was
increased (Figures la and 2a). For the
smooth side of the chip it was noticed
that as the speed was increased, the
surface became progressively smoother
(Figures 1b and 2b). In particular, it
was seen that at the highest speed
investigated, the lead was smeared on
the smooth surface of the chip. It was
difficult to see a difference between
the rough and smooth surfaces of the
chips for lower speeds. In all the
micrographs there was evidence of
cuplets or elongated dimples which
arise via the void-sheet mechanism of
crack propagation discussed by Rogers
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(8) for the fracture of ductile metals.
In the case of the smooth side of the
chip for the speed of 200 m/min, these
cuplets are smoothed out. It has been
considered (1) that shear fracture is
initiated in the primary zone by void
formation at the lead inclusions. In
the secondary zone, the main function
of the lead inclusions is to provide
regions of low strength and to provide
internal lubrication as the chip passes
over the rake face. The present SEM
observations tend to confirm these
considerations.

6. THE INFLUENCE OF LEAD INCLUSIONS ON
THE MECHANICAL DAMPING IN BRASS -
Mechanical damping or internal friction
is a measure of the ability of a
material to dissipate vibrational
energy. The level of damping is
extremely sensitive to the
microstructure of the material. For
studies of defects in materials one of
the most sensitive properties to be
measured is damping. Internal friction
techniques are able to detect the
effects of defects at the atomic level
(dislocations, impurities, etc.) and to
monitor the gross changes in damping
due to macroscopic defects such as
porosity and cracks. In this study we
demonstrate that a damping technique
was able to distinguish easily the
effects on the internal friction of the
presence of lead inclusions in free-
machining brass. Two brasses were used
in the damping studies - leaded brass,
containing 3.5 wt % Pb, and lead-free
brass, containing 0.03 wt % Pb (Table
1) . Thus there was over two orders of
magnitude difference in the lead
contents. Most of the lead in the
leaded brass was present in the form of
inclusions on the grain boundaries.
Figure 3 shows the temperature
dependence of the mechanical damping
during heating or cooling over the
range 240 to 400°C for the two brasses.
The curves for the lead-free brass
showed no evidence of damping peaks
over the complete range of temperature
investigated (25 to 400°C).
Significantly, the curves for the
leaded brass showed several interesting
features. On heating the specimen the
damping increased slowly and then
started to decrease at 319+1°C before
it rose to a peak at 327+0.5°C, while
on cooling the specimen the damping
decreased smoothly until 305+1°C when
it increased to about the original
level for heating at 280+1°C. This
behavior was a consequence of the lead
in the brass. For the leaded brass the




Figure 1: SEM Micrographs of Chips of Free-machining Brass
(Workpiece Speed 100 m/min)
left: Rough side of chip
right: Smooth side of chip

Figure 2: SEM Micrographs of Chips of Free-machining Brass
(Workpiece Speed 200 m/min)
left: Rough side of chip
right: Smooth side of chip

TABLE 3

Calculation of Anisotropy Factor for Various
Elements from the Values of S

Element Anisotropy Factor
Al 1.195
Fe 2.182
Mo 0.816
N1 2.212
1) 1.000
Cr 0.766




temperature dependence of the damping
described a hysteresis loop, whose
shape was dependent on the exact
details of the temperature time history
of the specimen in the ctemperature
range 260 to 360°C. For example, Figure
4 shows the influence of particular
temperature swings (or oscillations) on
the appearance of the damping peaks
near 327°C. Clearly, the mechanism
controlling the damping peaks involved
kinetic processes (i.e. both
temperature and time influence the
picture). These and related
investigations of damping (6) led to
the following explanation of the
damping peaks in leaded brass. The
decrease in damping at 319+1°C on
heating was associated with the onset
of melting of the Pb-Zn eutectic (0.5
wt % Zn), while the sharp peak at
327+0.5°C was due to the complete
melting of the lead inclusions in the
brass. On cooling the specimen the
damping rise starting at 305°C and
finishing at 280°C was caused by the
redistribution of lead in or near the
grain boundaries. These experiments
showed that the presence of lead at the
3.5 wt % level had significant effects
on the mechanical damping in the
system. It would be an interesting
exercise to do further research to see
if this phenomenon is present in other
alloy systems where one component is
melted as the alloy is heated.

7. YOUNG’S MODULUS FOR ODS ALLOYS - The
results of the calculations of
orientation modified modulus for seven
ODS alloys containing up to 2 wt %
oxide inclusions (usually yttria or
thoria) are listed in Table 4. For good
agreement the ratio E(calculated)/
E(handbook) should be near unity. An
examination of the ratio shows that its
value for the seven alloys falls in the
range -15 to +32% of unity, with an
average value of +6.3%. The agreement
between calculated value and
experimental value is within 13% of
unity for three of the materials - MA
754, YD NiCrAl and MA 953. Although
this approach to calculating the
modulus for the ODS alloys shows modest
success, its attraction lies in a
potential savings in alloy development
schemes. These alloys are expensive to
produce and the measurements of modulus
at temperatures up to 1500°C present
considerable experimental difficulties.
Thus this simple approach, although
empirical, shows some potential for
estimating the modulus of these alloys
of complex compositions. The
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augmentation of the modulus due to the
oxide inclusion is about 10 GPa. While
this is only a percentage increase of
around 5%, the further advantage of the
presence of the oxide inclusions is the
enhancement of properties other than
modulus, such as strength, oxidation
resistance and creep resistance - all
at high temperatures. It is obvious
that what is needed is a better measure
of anisotropy or texture for these
alloys and a more exact way of
modifying the moduli of the individual
elements and the oxide inclusions.
Also, it is not known if the
orientation of the oxide inclusions
contributes significantly to the
effects of texture of the ODS alloys.
The use of other weighting factors
besides weight fraction for the moduli
of the components (volume fraction and
atomic fraction) are being explored.

CONCLUDING REMARKS

Some of the beneficial aspects of
inclusions in materials have been
discussed in this paper. These include
the well-known enhancement of machining
properties of leaded brass by lead
inclusions and the enhancement of the
elastic modulus of ODS alloys by oxide
inclusions. In brass the lead
inclusions play an important role in
the relationships of cutting force,
feed force and thickness of the
deformed chip to machining conditions.
Also in leaded brass, lead inclusions
have a critical role in providing
mechanisms for vibration damping peaks
at temperatures near the melting point
of lead. The calculations of modulus
for several ODS alloys from the
individual moduli of the components
included the contributions of the oxide
inclusions. These conclusions
contribute to the general findings that
the chemical composition of inclusions
in materials are important variables
that affect the physical and mechanical
properties.
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TABLE 1
Chemical Composition of Leaded and of Lead-free Brass
(wt. %)
Element Ref. 2,3 Ref. 6
Leaded Leaded Lead-free
Cu 61.15 61.32 70.4
Pb 2.46 3.5 0.03
Fe 0.061 0.05 <0.01
Zn 36.1 35.0 29.5
N1 0.093 <0.01 <0.01
Sn 0.016 0.12 <0.01
TABLE 2

Chemical Composition of Some Oxide Dispersion
Strengthened Alloys

(wt. %)

Alloy Ni Cr Al Mo v Fe T1 Oxide*
MA 754 78 20 0.3 0 0 o 0.5 0.6
TD Ni 98 o] (0] 0 0 0 0 2.0
TD NiCr 78 20 0] 0] 0 0 0] 2.0
TD NiCral 76.7 16.2 4.8 0 0 0 0 1.88
YD NiCraAl 78.1 15.7 4.5 0 0 0.2 © 0.98
8077 77.3 15.3 4 0 0 1 0.1 1.66
MA 953 40.2 18 4.8 0 0 35.6 0 0.21

e e - — — — ———  ———— — T > = = ——— T = —— - — - A = ——— - ——— " " —— - - -

* Usually yttria (YD) or thoria (TD)
TABLE 4

Calculation of Young’s Modulus for Some ODS
Alloys Using the Composition of Each Alloy, the Modulus
Value for Each Element in the Alloy, Modification due to

Anisotropy, and the Rule of Mixtures

Alloy E (Handbk) E(Calc) Ratio
(GPa) (GPa) E(Calc) /E (Handbk)
MA 754 145 159.3 1.099
TD Ni 152 128.6 0.846
TD NicCr 130 159.3 1.226
TD NiCrAl 191.8 149.9 0.781
YD NiCrAl 133.6 150.3 1.125
8077 113 149.0 1.319
MA 953 147.3 154.1 1.046
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Abstract

Tool wear and chip formation are two distinct phenomena
which have to be considered in the design of steels of improved
machinability by inclusion engineering.

Abrasion of the tool by inclusions or second phase particles in
the workpiece which are 'harder' than the tool contribute
significantly to tool flank wear. Alumina inclusisns which
result from conventional aluminum deoxidation practice are
particularly harmful and their elimination, or modification to
inclusions which are 'softer' than the tool, is one of the
features in the production of modern free machining steels. In
order to reduce tool flank wear, standard deoxidation practices
are modified in secondary ladle steelmaking processes by
calcium injection and wire feeding processes to give ‘soft’
anorthitic (Ca0.25i02.A1303) or gehlenitic
(2Ca0.Si02.Al203) inclusions in the case of silicon/manganese
deoxidized steels and duplex calcium aluminate/calcium
sulfide inclusions in the case of aluminum deoxidized steels.

Thermodynamic models are used to relate liquid steel and
inclusion compositions as a function of the temperature and
soluble oxygen content. The predictions of these models are
compared with the industrial results obtained from the
calcium treatment of continuously cast medium carbon steels.

Chips formed during the machining of low and medium carbon
steels over a wide range of cutting speeds exhibit micro-
structural features characteristic of ductile fracture. The
concept of critical accumulated damage is used to rationalize
the fracture behaviour of these steels in chip formation during
metal cutting.

At moderate cutting speeds (v<100m/min.), the traditional
approach to promote chip formation is to introduce free-
cutting additives, such as sulfur, which generate 'soft’ inclu-
sions. Voids nucleate at these inclusions to initiate ductile
fracture. The role of these free cutting additives is to lower the
critical accumulated damage in a given steel without contri-
buting to abrasive tool wear. The resulfurization of calcium
treated 'clean’steels is based on this approach.

At high cutting speeds (v>100m/min.) both phenomenological
observations and theoretical analysis suggest that chip

73

formation is facilitated by increased damage rates and strain
localization. It is concluded that at high strain rates
(6>103/s), characteristic of high productivity machining, it
may be possible to machine ‘clean’ steel with an attendant
gain in fatigue life and through thickness ductility.

TOOL WEAR AND CHIP FORMATION are iwo distinct
phenomena which have to be considered in the design of steels
of improved machinability by inclusion engineering.

Abrasion by inclusions or second phase particles in the
workpiece which are ‘harder' than the tool, contribute signi-
ficantly to tool flank wear. 'Hard', abrasive alumina inclu-
sions, which result from conventional aluminum deoxidation
practice, are particularly harmful and their elimination or
modification to inclusions which are 'softer’ than the tool, is an
essential feature in the production of modern free machining
steels with a given matrix. The presence of 'soft' silicate
inclusions can also reduce crater wear, through the formation
of an oxide film between the chip and the rake face of the tool
which acts as a barrier against the high temperature
interdiffusion of elements between the tool and the workpiece.

Tool wear can also be decreased by increasing the
hardness of the tool surface relative to that of second phase
particles in the workpiece. This can be achieved through the
use of 'hard’ coatings such as titanium carbide or titanium
nitride. Significant progress has also been made in the
development of sintered carbide and fibre reinforced ceramic
tool inserts. This new development in tool materials has
resulted in the attainment of industrial cutting speeds of up to
600m/min.

Tool wear is also influenced by matrix properties. As
the flow stress of the matrix increases, the normal force acting
on the tool tip increases. Limiting strains for tool failure can
be brought about by a matrix, that is inherently ‘hard’. On the
other hand, a 'soft’, ductile matrix without any second phase
particles is equally difficult to machine in terms of chip
disposal. Thus, "inclusion engineering" is an integral part of
workpiece design for optimising microstructure with respect
to tool wear and chip formation.

Chips formed during the machining of low and
medium carbon steels over a wide range of cutting speeds,
exhibit microstructural features characteristic of ductile
fracture [1,2]. The primary role of free machining additives in




steel is the production of controlled dispersions of second phase
particles which facilitate chip formation during machining
through the ductile fracture process of void formation, growth
and coalescence. Traditionally, free machining additives, such
as sulfur and lead, are used to promote the chip fracture
process at moderate cutting speeds (v<100m/min) through
the formation of 'soft' manganese sulfide and lead inclusions
which do not contribute significantly to tool flank wear. These
steels have inferior mechanical properties, however, parti-
cularly strength, through thickness ductility and toughness.
However, enhanced ductility and toughness can be achieved
through the production of clean steel by calcium treatment. In
this case chip segmentation can be promoted by high strain
rate machining.

The first section of this paper discusses the control of
steelmaking deoxidation and calcium treatment practices for
the production of inclusions of controlled composition, volume
fraction and morphology, in order to facilitate chip formation
without promoting tool wear. In the second section, the
concept of critical accumulated damage is used to rationalize
chip formation in low and medium carbon steels at low and
high cutting speeds.

DEOXIDATION AND LADLE STEELMAKING CONTROL

The composition domains of 'soft' silicate inclusions, as
defined by Bernard et al. [3], in both the MnO-Al503-SiO9 and
Ca0-Al205-Si02 system:s are shown in Figures 1a) and b),
respectively. The shaded areas at high silica contents give the
compositions of 'hard' supercooled silicate liquid(s) while the
shaued areas at lower silica contents represent the composi-
tion of 'hard’ inclusions which have either partially or wholly
recrystallized when subjected to the specific thermal history of
the study.

The production of 'soft’ inclusion dispersions is the key
to the development of steels of improved machinability in
terms of tool wear. Deoxidation practices can be controlled to
produce 'soft’ spessartite (3MnQ-Al03-Si09) inclusions in the
MnO-Al503-Si02 system for example. For inclusions in the
Ca0-Al303-Si04 system, standard deoxidation practices are
modified by calcium ladle treatments to give either
anorthitic/gehlenitic (Ca0-Alp03-25i03)/(2Ca0-Al303-Si09)
inclusions in the case of silicon/manganese deoxidized grades,
or duplex calcium aluminate/calcium sulfide inclusions in
aluminum deoxidized grades. In the latter case, abrasive
alumina inclusions are modified to calcium aluminates on
which 'soft’ calcium sulfide can precipitate. Where the soluble
aluminum content is too low (<0.01%) for conventional grain
refinement, use is made of established microalloying
technology.

The prerequisite for inclusion engineering is a
deoxidation control system in which liquid steel compositions
are related to corresponding equilibrium inclusion
compositions using measured temperature and soluble oxygen
activity data obtained from commercially available oxygen
probes. Comparison of the thermodynamic predictions with
the results of industrial practice can then be used to determine
the significance of any kinetic effects during liquid steel
treatment and the extent of reoxidation during transfer
processes.

A thermodynamic model, which can be used to predict
the composition of silicate inclusions during liquid steel-
making, and hence provide some measure of deoxidation
control, is described helow.

THE THERMODYNAMIC DATA BASE - For most
oxide systems relevant to steelmaking deoxidation practice,
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the experimental thermodynamic data base relating inclusion
compositions to the corresponding oxide activities, is
incomplete, and use has to be made of slag (inclusion) models
to give a complete data base over the range of temperatures
and inclusion compositions encountered in industrial steel-
making. In addition, the first order free energy interaction
parameters, which are used to calculate the activities of
elements in solution in steel from their corresponding weight
percent concentrations, have usually been determined experi-
mentally at 1600C. In this application, their use is considered
to be alid over the temperature range of steelmaking
deoxidation.

In developing deoxidation control for inclusion
engineering, a statistical thermodynamic slag model
developed by Gaye (11) is used to calculate component oxide
activities at a given temperature from the corresponding
weight percent oxide inclusion composition. The equilibrium
Henrian activities of elements in solution in the liquid steel
are then calculated for a given Henrian oxygen activity using
the thermodynamic data given in Table 1. The weight percent
contents of the elements in selution are obtained from the
corresponding Henrian activities using the free energy
interaction parameter data given in Table 2.

INCLUSIONS IN THE MnO-Al903-Si0y SYSTEM -~
The importance of soluble oxygen content and temperature in
deoxidation control can be illustrated by calculation of weight
percent steel compositions in equilibrium with 'soft' inclusions
in the MnO-Al303-SiO9 system using an AISI 1045 plain
carbon steel base. Iso-weight percent curves for silicon and
manganese are plotted as a function of inclusion composition
at 1600C on the ternary phase diagram in Figures 2a) and 2b).
The curves are computed for Henrian oxygen activities of
0.0070 in Figure 2a) and 0.0080 in Figure 2b). From the data
given in Figure 2a), a steel containing 0.60% soluble
manganese and 0.17% soluble silicon with a Henrian oxygen
activity of 0.0070 at 1600C would be in equilibrium with an
inclusion containing 36%MnO, 31%SiO9 and 33%Al303 by
weight, i.e., the inclusion composition is given by the inter-
section of the two iso-weight percent curves. The corre-
sponding equilibrium inclusion composition of 45%MnO,
37%Si0y and 18%Al203 by weight for a similar steel with a
Henrian oxygen activity of 0.0080 at 1600C is obtained from
the data in Figure 2b). Aluminum iso-weight percent curves
may be calculated for these figures, but the soluble aluminum
contents are too small in this case (<10 ppm by weight) for
their use as a control variable in steelmaking. These results
clearly indicate the importance of oxygen activity measure-
ments in the production of steels of controlled inclusion
composition.

The pronounced effect of teraperature on the
composition of an AISI 1016 steel in equilibrium with an
inclusion containing 30% MnQ, 50% SiOs and 20% Aly0; is
shown in Figures 3a) and 3b), where the silicon and
manganese contents, respectively, are shown as a function of
the Henrian activity of oxygen. Contents of 9.28% Mn and
0.10% Si by weight at 1550C are to be compared with contents
of 0.42% Mn and 0.30% Si at 1600C for a given Henrian
oxygen activity of 0.0070.

The prediction of the composition of exogeneous
inclusions in this system is important since it often provides
the base for downstream inclusion modification by aluminum
and/or calcium additions.




INCLUSIONS IN THE Ca0-Al1903-Si09 SYSTEM -
For the inclusion engineering of anorthitic and gehlenitic
inclusions in the Ca0-Aly03-Si0O9 system, the analysed total
aluminum and calcium concentrations in the liquid steel are
very low and are not known with sufficient accuracy during
liquid steel processing to be used as estimates of their
respective soluble concentrations. Although the soluble
silicon content can usually be approximated to the analysed
total silicon content, inclusion compositions cannot be calcu-
lated for measured temperatures and soluble oxygen contents
using the silicon content alone. In addition, the generally
accepted standard free energy of formation of calcium oxide is
too negative (7) and results in unreasonably low calculated
calcium solubilities for given soluble oxygen contents.

For inclusions in the Ca0-Al203 system, however, the
total analysed aluminum contents of the liquid steel are
higher (typically 0.015-0.060%) and are reasonable estimates
of the soluble aluminum contents. They can therefore be used
as control variables in the calculation of inclusion composi-
tions for measured temperatures and soluble oxygen contents,
using thermodynamic data in the literature (7).

Predicted aluminate inclusion compositions in two
liquid steel heats after industrial calcium treatment, are
compared in Table 3 with the compositions of inclusions found
in the corresponding continuously cast billets. Reoxidation
between the ladle station and the caster is a possible cause of
the 'fade’ in calcium modification.

The formation of liquid aluminates in the calcium
modification of aluminum killed steels, minimizes the possibi-
lity of nozzle clogging through the precipitation of alumina
and solid aluminates during continuous billet casting.

DAMAGE ACCUMULATION AND CHIP FORMATION

A basic understanding of fracture processes associated
with chip formation in metal cutting is essential in order to
improve the machinability of a given grade of steel for a given
rate of metal removal. The deformation process associated
with chip formation is a heterogeneous one, involving high
strain rates (104 - 106/sec) and large strains (>1) in a highly
localized zone, a fe & microns thick in ihie workpiece, extending
from the tool/workpiece interface. Figure 4 shows an SEM
montage of a quick-stop section of a low carbon, resulfurized
steel, at a cutting speed of 70 m/min. Void nucleation is
associated with the fragmentation of cementite plates and
there is also evidence of decohesion around MnS inclusions.
Even at higher cutting speeds, ductile rupture regions are
clearly seen. Figures 5a) and 5b) are SEM pictures of a chip
obtained from a medium carbon (0.45 wt.%C) low alloy steel,
at a cutting speed of 2000 m/min. The coalescence of voids into
cracks has culminated in fracture processes leading to chip
segmentation.

The various stages leading to total failure due to
ductile fracture may be summarized as follows:

(1) As the material is progressively worked, second phase
particles and interphase interfaces start acting as
centres for the formation of voids. Void initiation
occurs because of the inherent deformation incom-
patibilities which exist between the second phase
particles and the surrounding matrix. In the case of
exides which are harder than the matrix, void
nucleation starts by particle cracking, and in the case

of sulfides which have a lower interfacial energy
between the inclusion and the matrix, docohesion
occurs at the inclusion/matrix interface, even at low
strains
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(ii)
(iii)

Increasing plastic strain promotes void growth.

With continuing deformation, damage accumulates to
a critical value at which microstructural instability
ocrurs, resulting in void coalescence and microcrack
formation.

Thus the fracture process in chip formation is
analysed in terms of damage accumulation to ductile fracture.
The damage, in turn, can be assessed from the areal fraction of
voids measured on SEM micrographs. The metal cutting
conditions define the macroscopic strain distribution in the
primary and secondary shear zones. The geometry of the
metal cutting operation and the cutting velocity are the key
variables of the metal cutting process. The microstructure,
and in particular, the second phase particle dispersion, deter-
mines the strain localization and consequently the microscopic
flow of the material. Thus, both microscopic and macroscopic
flow influence the damage process.

MICROSCOPIC DAMAGE OBSERVATION ON
CHIPS — The microscopic criteria for chip fracture involving
second phase particles have been studied using the pheno-
menological approach. Detailed SEM studies of chips and
quickstop samples, generated at various cutting speeds, were
undertaken for different steels with the objective of mapping
the damage associated with the type, size, amount and local
dispersion of second phase particles. One of the salient
observations resulting from these SEM studies of chip fracture
surfaces relates to the influence of cutting velocity on
accumulated damage. For example, an AISI 1045 steel,
subjected to a spheroidizing treatment, exhibits void nuclea-
tion associated with carbides rather than extended void
growth, at low cutting velocities (<100 m/min), see Figure 6.

Conversely, at higher cutting velocities
(>200 m/min), a medium carbon steel (0.45 wt.%C), with a
microstructure consisting of carbides and MnS inclusions,
exhibited pronounced growth of the voids associated with MnS
inclusions and carbide particles, indicating that void growth
dominates at higher cutting velocities.

At very high cutting speeds, the tendency for
segmentation increases with cutting speed but the degree of
segmentation is incomplete until a critical speed is exceeded.
Figure 7 shows a typical fully segmented chip, obtained at
2000 m/min, from a medium carbon steel in the quenched and
tempered condition with the following typical analysis:

Cr Mo
1.04 0.18

Material C Si Mn P S
42CrMoS4V 042 0.33 0.74 0.0012 0.029

A detailed examination of the SEM pictures of the fracture
surface shown in Figure 8 shows two distinct regions. The
ductile rupture region shows characteristic dimples. Inclu-
sions and carbides in this region are associated with extensive
void growth and linkage. The segmented fracture surface is
smooth and undeformed. Thus, following the region of ductile
rupture there appears to be a region of catastrophic crack
propagation. Extensive void growth is the characteristic
feature of chip fracture surfaces obtained at high cutting
velocities (>200 m/min). Figures 9a) and 9b) show extensive
damage or void growth associated with MnS inclusions in a
chip from the same steel referred to in Figure 7, but generated
at a lower cutting velocity of 200 m/min. The segmentation of
the chip is incomplete in this case.




MACROSCOPIC DAMAGE ANALYSIS — In order to
predict the cumulative damage occurring in the plastic zone
enveloped between the entry and exit slip lines, it is essential
to develop a model which allows the determination of the
stress and strain, and strain rate history at any point within
the plastic zone of the chip. Hence, an elemental volume of
material can be followed along a streamline, and the damage
accumulation can be integrated over the path. Phenomeno-
logical observations of damage occurring in quick-stop
samples do indicate that the hydrostatic pressure does not
vary linearly from the surface of the chip to the tool tip. The
hydrostatic pressure is compressive in the vicinity of the tool
tip and becomes less compressive in the interior region of the
chip. The hydrostatic pressure is equal to the flow stress of the
material at the free surface of the chip. In principle, positive
damage is possible within the deformation zone providing one
of the in-plane principal stresses is positive (tensile).

Sowerby and Chandrasekaran [12] have considered
this problem using a modified Slip Line Field theory [13]. The
theory was modified to take into account strain hardening.
The influence of temperature and strain rate was also
considered. According to their analysis, the damage rate can
be related to the p/k ratio, where p is the local hydrostatic
pressure and k is the local flow shear stress of the material.

Figure 10a) shows the variation in the p/k ratio as a
function of distance from the free surface of the chip towards
the tool, along a B-slip line located near the middle of the
primary deformation zone. Two cutting velocities were
considered. These quantitative results clearly show that the
effect of increasing the cutting velocity is to decrease the p/k
ratio, making the local stress more tensile, thereby increasing
the damage rates. The variation in damage rate along an
interior streamline, containing the 'maximum damage rate' is
plotted in Figure 10b) for cutting velocities 50 and 200 m/min.,
respectively. The slip line field is shown in the inset diagram.
Clearly, the 'maximum damage rate' increases with an
increase in the cutting velocity. This is a significant result
which can account for the phenomenological observations.

At the free surface, where no damage occurs, the p/k
ratio is unity. In the interior region of the chip, the local
hydrostatic pressure decreases to less than the local flow
stress of the material. Under the conditions where p/k <1, one
of the principal stresses will be tensile, which contributes to a
positive damage rate. The problem is one of integrating the
damage rate along a stream line from entry to exit slip line.
Microcracking will occur if the damage accumulated exceeds a
critical value, which is characteristic of a given material.
Since void growth dominates the damage process, the
interparticle spacing and the particle size are important
microstructural parameters.

Damage rates can be increased by increasing k, the
local shear flow stress, relative to the local hydrostatic stress,
p. As the p/k ratio is decreased, the triaxiality of stress is
increased. The shear flow stress is a material property that is
a function of strain, strain rate and temperature. It will be
increased by an increase in strain and strain rate, but will be
decreased by an increase in temperature. The effect of
inereasing the velocity is to increase the strain rate in the
primary shear zone.

THE INFLUENCE OF CUTTING SPEED ON
DAMAGE RATES - The chips generated at high cutting
velocities (2000 m/min} in low alloy steels show extensive void
growth in comparison with chips generated at low cutting
speeds. There is no inicrostructural evidence of high
temperature softening of the structure The strain measure-
ments carried out on second phase carbide particles yielded
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values comparable with those in chips generated at moderate
and moderately high cutting velocities (60-100 m/min). Thus
the increased damage rates can be rationalized by the increase
in flow stress brought about by the higher strain rates.

ESTIMATING CRITICAL ACCUMULATED
DAMAGE - Deformation incompatibilities which exist
between the matrix and second phase particles/ inclusions
normally result in local (microscopic) radial stresses at the
particle/matrix interface, giving rise to void nucleation by
decohesion; alternatively the second phase particles could
crack, resulting in void formation. The growth of these voids
in the matrix, when subjected to a triaxial stress system in the
gauge length set up between the adjacent voids, determines
the damage process. The dispersion of second phase particles
in a given material determines the critical gauge length,
through a material parameter In(A/d) where A is the initial
void spacing and d the initial void dimension along the chosen
orientation. The void growth under a triaxial stress system is
complicated by the matrix deformation behaviour, which is a
function of strain, strain rate and temperature. Sowerby and
Chandrasekaran {14] have developed an upsetting test using a
collar specimen to obtain a well defined strain path. The test
allows the determination of critical accumulated damage by
integrating damage along the strain path and at fracture,
according to McClintock’s model for void growth [15].

Machining tests carried out on an AISI 4340 steel,
subjected to different heat treatments are summarized in
Table 4, from which it can be seen that discontinuous chip
formation is promoted in steels with low CADF values (12).

DESIGN CRITERIA FOR STEELS FOR HIGH
STRAIN RATE MACHINING — The design of microstructure
for improved machinability can be analysed in terms of
(a) critical accumulated damage at fracture and (b) damage
rate as a function of strain rate. At moderate and low cutting
speeds, the machinability of steels can be improved by making
free cutting additives that essentially lower the critical
accumulated damage at fracture. In the past, the speed of
cutting has been limited by tool life. At moderate cutting
speeds (<100 m/min), the strain rate sensitivity is not
significant, and therefore the machinability can be improved
by increasing the volume fraction of coarse second phase
particles or inclusions, thereby decreasing the critical
accumulated damage at tracture. The MnS inclusion popula-
tion is increased by resulfurizing the steel and with further
free cutting additives, such as lead or bismuth, the critical
accumulated damage (at fracture) is decreased.

With the recent advances in tool materials, high
cutting speeds have become a reality. Sintered carbide tools,
ceramic tools, and tools coated by PVD and CVD techniques
have vastly improved tool life performance. High strain rate
machining imposes high normal stress at the tool tip. Modern
tools are capable of performing well under this condition, thus
paving the way for high productivity machining. In view of
the economic gains in high productivity machining, the
technological forecast is the development of high speed
machining processes taking full advantage of high
performance ceramic tools. Under conditions of high strain
rate machining, it is possible to increase the damage rate
through the dramatic increase in flow stress brought about by
high strain rates. This would imply that free cutting additives
are no longer required to lower the critical accumulated
damage. Microalloying additions may then be used to
strengthen the steel, as long as they do not adversely affect the
strain rate sensitivity of the material.
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Table 1 — Thermodynamic Data Base

Reaction Log K Reference

[Siliwio + 2[0]jwso = SiOg(s) (31040/T) — 12.0 4

[Mnliwo + [Olwo = MnO(s) (15050/T) — 6.70 4

2[Alljwio + 3Olws = AloO3(s) (61304/T) — 20.37 5,6

[Caliw/o + [Oliws = CaOf(s) (25655/T) — 7.65 7

Table 2 — Interaction Parameters ej;
C Si 0 Mn S Ca

Al 0.045(4) 0.043(8) 0.058(4) | -1.170(4) | - 0.035(8) | -0.072(4)
C 0.091(4) 0.140(8) 0.180(4) | —0.130(4) | —0.070(4) 0.110(8) | —0.337(4)
Si 0.056(4) 0.078(8) —0.107(4) | —0.140(4) 0.060(4) 0.063(8) | —0.097(4)
(0] —1.980(4) | —0.098(10) | —0.250(4) 0.0 —0.083(8) | -0.270(8) §} —
Mn - -0.012(8) 0.033(4) | —0.030(4) | —0.003(4) | —0.026(8) | —0.010(9)
S 0.030(4) 0.046(8) 0.056(4) | —0.133(4) | —0.004(4) | —0.028(8) | -
Ca —0.047(8) | —0.097(8) -0.068(8) | - - - -

Note' Figures in parentheses refer to the references in the literature.
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Table 3 — Comparison of Aluminate Inclusion Compositions

Oxygen probe Aluminate Composition*
[Olsol [Allso1
ppm %
Temp. F E-mv Predicted Billet
2929 - 156 5 0.032 CA +liquid CA+CAq
2923 ~156 5 0.028 CA +liquid CAq

* C =Ca0, A = Alx03

Table 4 — Results of Machining Tests and CADF Measurements for an AISI 4340 Steel.

Heat Discontinuous
Treatment Hardness CADF Chips
OIL QUENCH 56 0.172 Yes, at
ROCKWELL 136 m/min
IIC"
OIL QUENCH 47 0.224 Yes, at
AND ROCKWELL 234 m/min
TEMPERED "c"
ASRECEIVED 298 0.367 No, at Max Speed
BHN 400 m/min
SPHEROIDIZED 224 0.755 No, at Max Speed
BHN 400 m/min
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(a) (b)

Figure 1 — a) The Mn0-Al1303-Si09, phase diagram and b) the Ca0O-Al03-SiOg phase diagram,
showing the composition domains of ‘deformable’ silicate inclusions.
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Figure 2 — Iso-weight percent curves for silicon and manganese in the MnO-Al;03-Si03 system
for an AISI 1016 steel at 1600C. a) hg=0.007 and b) hg = 0.008.
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Figure 3 — The effect of oxygen activity and temperature on a) the silicon content and b) the

manganese content of an AISI 1016 steel in equilibrium with an inclusion containing 30% MnO,
20% Al903 and 50% SiO2 by weight.
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Figure 4 — a) Section of a ‘quick-stop’ chip from a low carbon resulfurized steel, and b) an SEM
montage, corresponding to the region marked in a), showing the primary and secondary shear

zones.

(a) (b}
Figure 5 - a) Ductile and shear zones of fracture in a shear localized chip obtained from a

medium carbon low alloy steel machined at a cutting speed of 2000 m/min., and b) Voids around
inclusions in the ductile rupture zone.
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Figure 6 — SEM micrograph of the primary shear zone in a 'quick-stop' chip obtained from a
partially spheroidized AISI 1045 grade steel at a cutting speed of 60 m/min.

Figure 7 - A fully segmented chip showing well-deformed crack initation and crack
propagation regions obtained from a 42 CrMoS4V steel at a cutting speed of 2000 m/min.
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Figure 8 — The fracture surface of a fully segmented chip obtained from a 42 CrMoS4V steel ata
cutting speed of 2000 m/min., showing that the coalescence of voids is complete on the crack

initiation region.

(a)

(b)

Figure 9 -~ a)an SEM micrograph showing damage in the fracture surface of a partially
segmented chip obtair.ed from a 42 CrMoS4V steel at a cutting speed of 200 m/min., and b) an
SEM micrograph showing extensive void growth (damage) associated with MnS inclusions in the

chip in a) above.
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HYDROSTATIC STRESS/SHEAR FLOW STRESS
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Figure 10 — a) The hydrostatic shear/flow stress (p/l. -atio as a function of the distance from the
free surface of the chip (see insert); and b) Damage rate along a streamline contining the
maximum damage rate as a function of effective strain.
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ANALYSIS OF INCLUSIONS IN CAST Co-Cr-Mo ALLOY USED
FOR SURGICAL IMPLANTS

L. Z. Zhuang, E. W. Langer
Department of Metallurgy
The Technical University of Denmark
DK-2800, Denmark

Abstract

Cast Co-Cr-Mo alloys are widely used as surgical
implant materials. The proper dJdevelopment of
this alloy system for such applications requires
a sound understanding of the microstructural
characteristics and the structure-property
relationships in this material. In the work
described here, non-metallic inclusions in the
cast Co-Cr-Mo alloys are examined considering
their significant effects on the performance of
this surgical implant material. Optical micro-
scopy, scanning elctron microscopy and transmis-
sion electron microscopy have been used to
examine the morphologies and distributions of
inclusions. EDS (energy dispersive spectroscopy)
technique has been used to determine the com-
position and structural formula of the inclu-
sions. Electron microprobe analysis and X-ray
radiation mapping techniques also have been used
to study the element distributions in the non-
metallic inclusions. The influence of inclusions
on mechanical properties of alloys is discussed.

A PROSTHETIC MATERIAL must function mechanically

without permanent deformation or failure while
leaving the biological tissues completely
unaltered. Therefore, the materials used for

surgical implants must be resistant to corrosion
by physiological fluids; strong enough to with-
stand the normal ~hysiological forces without
fracture, either in the short term associated
with overloading or in the longer term due to
fatigue often imposed on prosthetic appliances;
resi.tant enough to stress corrosion to with-
stand high stresses while in the corrosive
environment and they must have a high degree of
biocompatibility to ensure correct healing after
insertion (1-4).

Cast Co-Cr-Mo alloys have a long history of
successful use as surgical implants(5). However,
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a significant number of such implants have been
found to fracture during implantation, excision
or while in use (6). Such failures, when they
occur, are important to all concerned. Conse-
quently, premature failures in service of surgi-
cal implants inside the human body should be
avoided by all means. Investigations concerning
the causes of failures of metallic orthopedic
implants indicated that many implant failures
have been attributed primarily to metallurgical
or manufacturing faults (7-9).

There are several metallurgical defects in
the cast Co-Cr-Mo alloys (10), including large
non-metallic inclusions, large inclusion popula-
tion, abnormally coarse crystals, undissolved
master alloy particles, abnormal carbide segre-
gation, interdendritic segregation, shrinkage,
gas porosity etc, which are considered as being
the main causes of failures in metallic ortho-
pedic implant materials. Non-metallic inclusions
in cast Co-Cr-Mo alloys affect both corrosion
resistance properties and mechanical properties,
especially the fatigue behavior of the alloys
because they are regarded to be the crack
nucleating sites in fatigue.

MATERIALS AND EXPERIMENTAL PROCEDURE

Cast Co-Cr-Mo alloys, commercially known as
Vitallium or H.S8.21, are examined. The chemical
composition of the material which is used is (in
wt.%): Cr-29.15, Mo-6.50, Fe-0.06, Si-0.05, Mn-

0.10, C€-0.16, and Co-balance. Specimens are
examined optically and by scanning electron
microscopy as well as transmission electron

microscopy using commercial cast material in the
as-cast condition.

Metallographic specimens are prepared by
mechanical polishing and using electrolytic
etching with etchant: 60 pct HNO3 + 40 pct dis-
tilled water by volume, 10-25 sec at SV. Bulk
specimens which are prepared in the same way as
the metallographic specimens are used for EDS
analysis and electron microprobe analysis as




well as X-ray radiation mapping experiments. In
order to determine the chemical composition and
structural formula for inclusions without matrix
interference. carbon replica specimens with
extracted inclusion particles are prepared for
EDS analysis. The preparation of replica speci-
mens is carried out as follows: After the origi-
nal specimens have been electrolytically etched,
a thin film of carbon is vacuum deposited on the
specimen surface. Scored grids of carbon film
are removed from the specimen surface by elec-
trolytic etching with etchant: 60 pct HNO5 + 40
pct distilled water by volume, about 2 min at
8-10V. Transmission electron nmicroscopy 1is
performed using disc-shaped specimens 3 mm in
diameter. Final thinning 1is executed using an
electrolyte of 10 pct perchloric acid + 20 pct
ethanol + 70 pct butanol by wvolume. Electrolyte
temperature has been maintained between -20°C
and -30°C throughout thinning and operation
potential is 30V. The specimens are examined in
Philips EM301 transmission electron microscope
operating at 100 KV.

RESULTS AND DISCuSSTON

MORPHOLOGY AND DISTRIBUTION OF INCLUSIONS:
It is reported (8) that the inclusion content of
cast Co-Cr-Mo alloys 1is low compared to the
inclusion content of most stainless steels which
are also used for implants and referring to ASTM
standards (11) which gives the recommended
maximum for metals and alloys. However, the
results of this investigation proved that most
of the non-metallic inclusions in cast Co-Cr-Mo
alloys are present in unfavorable ways for the
material performance. According to the chemical
comprsition analysis results of inclusion
particles which we will discuss later, we found

that there are two kinds of oxides in cast Co~
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Fig. 1 Large oxide inclusion population in cast
Co-Cr-Mo alloy. Escolaite oxide (E), 100Cr;0j3.
Unetched.
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Fig. 2
by oxide

in cast
lOOCr203 .

Large oxide inclusion population formed
films with casting shrinkage porosities
Co-Cr-Mo alloy. Escolaite oxide (E),
Unetched.

Fig.3 Continuous grain boundary oxide inclusion

precipitation in cast Co-Cr-Mo alloy. Escolaite

oxide (E), 100Cr,05. Electrolytically e*ched
with 60 pct HNO3 + 40 pct Hy0.
Cr-Mo alloys. They are classified to: escolaite

oxide (Cr203) and Cr-galaxite oxide (MnO-Cr203)
respectively (12). These two oxides are dif-
ferent, both in morphology and distribution. The
majority of oxide particles in the cast alloys
are escolaite oxide.

Escolaite oxide (Cr203 phase), which has a
hexagonal structure, is common in chromium steel
inclusions. Sometimes separated oxide particles
of this type oxide in our specimens show the
appearance with plane surfaces, hexagonal or
regular in section, similar to Cr-galaxite




Fig. 4 Large oxide inclusions precipitated near
the grain boundary in cast Co-Cr-Mo alloy. Esco-
laite oxide (E)}, 100Cr,053. Electrolyt cally
etched with 60 pct HNO; + 40 pct H,O0.

inclusions

in long
a crystal grain in cast Co-Cr-Mo
100Cr,05. Electoly-
tically etched with 60 pct HNO3 + 40 pct HyO.

Fig. 5 Oxide
strings inside
alloy. Escolaite oxide (E),

precipitated

oxide. This oxide morphology indicates that
oxide particles have a higher melting pcint than
matrix. The typical morphologies and distribu-
tions of escolaite oxide in cast Co-Cr-Mo alloys
are shown in Fig.l1 to Fig.5. Large inclusion
population, as shown in Fig.l, 1is caused by
abnormal oxide segregation in certain severe
oxide-rich areas. Fig.2 shows another kind of
large inclusion population which is produced by
large cxides combined with casting shrinkage
porosities. In general, these oxides are oxide
films with a certain thickness around the shrin-
kage porosities. Inhomogeneous distribution of
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oxides leads to the formation of continuous
grain boundary oxide inclusion precipitations
and large oxide inclusions near grain bound-

aries, as shown in Fig.3 and Fig.4 respectively.
Long oxide strings are also observed, both
as in Fig.5 and along

inside a crystal grain

grain boundaries.
Usually, chromium galaxite oxide (MnO-Cr203

phase) can

be easily identified in microsec-

Fig. 6 Typical Cr-galaxite oxide precipitations
in cast Co-Cr-Mo alloy. Cr-galaxite oxide (G),

MnO+Cr;03 with 12-15MnO, =~ 85Cr,03. Escolaite
oxide (E), 100Cr,05 and Carbide (C), My3Cq.
Electrolytically etched with 60 pct HNO3 + 40
pCt Hzo N

Fig.7 Hexagon-shape sectioned Cr-galaxite oxide
particle with regular distributed spots (eutec-
tic oxide structure) in cast Co-Cr-Mo alloy. Cr-
galaxite oxide (G), MnO-Cr,04 with 12-15MnO,
~85Cr,053. Electrolytically etched with 60 pct
HNO3 + 40 pct Hy0.




tions. Crystals of Cr-galaxite oxide are often

idiomorphic with regular sections. This oxide
phase is also a common phase in chromium steel
inclusions. Cr-galaxite oxide has a cubic
structure and is of the spinel type (12). This
oxide 1inclusion normally occurs as separated
particles in cast Co-Cr-Mo alloys. Large oxide
inclusion population of this kind of oxide is

Fig. 8 Multiphase oxide/carbide particle preci-
pitated in cast Co-Cr-Mo alloy. Cr-galaxite
oxide (G), MnO+Cr,04 with 12-15MnQ, =~ 85Cr,05,

Carbide (C), My3Cq. Electrolyrically etched with
60 pct HNGCy + 40 pct HyO0.

seldom observed. Fig.6 to Fig.9 show the typical
morphologies of chromium galaxite oxides in the
cast Co~Cr-Mo alloys. They show sharp regular
polygon microsections and many of them have a
number of white spots, which are cosidered as
the product of eutectic oxide structure, on thLe
section surfaces. Fig.6 gives a small group of
Cr-galaxite oxide particles precipitated at or
near a grain boundary. There are also a few
small escolaite oxide particles and some of them
act as nuclei for carbide precipitations, so
that large carbide particles are favored to form
at these places. In Fig.7, there is an isolated
chromium galaxite oxide which has a hexagonal
regular section with six white spots which are
also distributed regularly. Multiphase precipi-
tation of oxide and rarbide is shown in Fig.8.
Fig.9 1is a transmission electron microscopy
photograph showing a long plate-shaped oxide and
a very small hexagonal oxide particle.
COMPOSITION AND CHEMICAL FORMULA ANALYSIS:
Both bulk specimens and carbon replica specimens
with extracted oxide inclusion particles are
used for gquantitative composition analysis of
two different kinds of oxide phases in the cast
Co-Cr-Mo alloy by EDS and SEM. The results are

listed in Table 1 and Table 2 respectively.
Table 1 shows the analysis of bulk specimens
corresponding to Fig.10 for esccolaite oxide and
Fig.11 for chromium galaxite oxide. Comparing
the analysis results both from bulk specimens
and carbon replica specimens with extracted

oxide particles, it is obvious that the results
obtained by using the replica specimens are much
more accurate and reliable because they are free

Fig. 9 TEM micrograph showing a long plate-shaped and a quite small hexagonal
shaped Cr-galaxite oxide particles in cast Co-Cr-Mo alloy. Cr-galaxite oxide
(), MnO+Cr,04 with 12-15MnO, ~85Cr,04. 2 -- [110]fcc-
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Table 1 EbDS Analysis of Oxide Inclusions in Bulk Specimens

Escolaite Oxide, Cr,04

Cr-galaxite Oxide, MnO+Cr,05

Wt At%
Mo 2.57 1.42
Cr 92.32 83.99
Co 5.11 4.59

Wt At%
Mo 1.66 0.92
Cr 82.73 84.20
Mn 13.24 12.75
Co 2.37 2.13

Chemical Formula

Chemical Formula

2.67M005+4.47C00+92.86Cr,04

1.72M004+2.10C00+12.02i4n0+84 . 16Cr50-

Table 2 EDS Analysis of Oxide Inclusions with Replica Specimens

Escolaite Oxide, Cr203

Cr-galaxite Oxide, MnO*Cr,0x

Wt% At
Mo 0.04 0.02
Cr 99.79 99.83
Co 0.17 0.15

Wt At%
Mo 0.12 0.07
Cr 84.36 85.12
Mn 15.35 14.66
Co 0.17 0.15

Chemical Formula

Chemical Formula

O.OSMOO3-O.15COO°99.80Cr203

0.13Mo04°0.15C00+13.87Mn0+85.85Cr,04

Table 3 Calculated Composition of MnO+<Cr,03 from Table 2

Wt% At% Chemical Formula
Cr 81.61 85.31
Mn 15.39 14.69 l3.84MnO-86.16Cr203
from the effects caused by the matrix. If we EFFECTS OF INCLUSION ON MATERIAY. PROPERTIES:
neglect the presence of trace elements: Mo and A considerable number of investigations concern-~

Co, in t